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ABSTRACT
Dielectrophoresis (DEP), the induced motion of cells in an inhomogeneous electric 
field, can be measured by studying the motion of the cells at different frequencies. 
This work uses a light absorption method to  determ ine the DEP force and extract 
the dielectric properties of cell populations.
Previously, light intensity changes in a 3D well electrode have been measured with a 
microscope and a single channel signal generator. This work sets out to  enable real 
tim e measurement of cell oooulations bv imolementine a digital camera, lens and 
light source alongside a 20 channel signal generator in one machine, the DEP well 
instrument, to measure light intensity changes for 20 wells simultaneously. 
Optimisation of the optics is carried out through the evaluation of different 
cameras, lenses and light sources and measuring the light intensity changes of yeast 
populations in 4 wells that are energized with the same frequency, in order to  
ensure that the system is able to give consistent results.
Finally, the application of the DEP well instrument for detection of drug cytotoxicity 
and rapid detection of apoptosis, both im portant in the developm ent of new  
chemotherapeutic drugs, was studied. Both apoptosis and cytotoxicity o f drugs can 
be characterized by changes in the membrane and cytoplasm properties o f cells 
resulting in various distinct sub-populations within a sample. Rapid detection of 
apoptosis was examined by inducing HeLa cells with the well known 
chemotherapeutic agent staurosporine and comparing the results obtained w ith  
DEP and those obtained with the gold standard method of measuring apoptosis, 
Annexin V assay with flow cytometry. The ability of the DEP well instrument to  test 
drug cytotoxicity on suspension and adherent cells was studied by inducing cells 
with the chemotherapeutic agent doxorubicin and measuring cell viability w ith DEP 
after different incubation times. The results were compared with the colorimetric 
assay 3-(4,5-Dim ethylthiazol-2-yl)-2,5-Diphenyltetrazolium  Bromide (MTT) and 
trypan blue experimental results, as well as with previously published values.
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CHAPTER I 
INTRODUCTION
1.1. BACKGROUND
Drug discovery is a lengthy process. Researchers must first understand the disease 
in order to identify the drug target. They must prove through extensive 
experimentation that the target is involved in the disease before they can look for a 
molecule that can affect that target. This can take years of testing.
Before new drugs, cosmetics, food additives etc. are released to the public, 
extensive testing must be carried out. This testing stage usually involves a great 
number of experiments which are typically carried out on animals. New legislation 
in Europe dictates that animal experimentation is only perm itted when there is no 
alternative method for research. There is a pressure to test new products in vitro 
(Freshney, 2005). New cell lines, organotypic cultures and long established cultures 
make testing in vitro a good alternative to animal testing.
In addition, the potency of the new compound will vary between cell types and so it 
is im portant that it is measured. Typically, colorimetric or fluorescent assays are 
used to  monitor cell reactions. However, using markers could cause interference 
with the cell or the drug mechanism. Addition of markers is also costly, tim e  
consuming and requires highly skilled operators.
Over the last few  years, in the medical and the pharmaceutical sectors, there has 
been an increase in the need for low cost, non-invasive, rapid, miniaturized systems
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for sample preparation, analysis and diagnosis. The reduction in size has benefits 
such as mass production, transportability, autom ation, parallelization, reduction in 
sample volume and precision. These systems are known as laboratory-on-a-chip 
(LOG) or micro-Total Analysis Systems (pTAS), and have microarray microelectrodes 
and microfluidic channels as part of the completed system (M anz et al., 1990).
Micro-fluidic systems for bioparticle manipulation have advanced as new  
miniaturisation techniques from the semi-conductor industry have appeared for the  
fabrication of channels, chambers, reactors and active components at the micron 
scale. There are several tools for the analysis of materials in micro-fluidic systems 
such as capillary electrophoresis, field-flow fractionation, and optical methods, 
based on labs on chips. However, since a labelling procedure may need to be 
carried out prior to analysis, these techniques can alter critical cell characteristics.
Dielectrophoresis (DEP) is emerging as a good alternative since no labelling is 
required, and so it is gaining more popularity in current biological and biomedical 
research. It has been used for cell characterisation (Pohl and Hawk, 1966), particle 
separation between dead and live cells (Pohl, 1977), drug interaction assays 
(Hübner et al., 2005), apoptosis detection (Chin et al., 2006) and w ater quality 
measurement (Hübner et al., 2003). However, due to the process of analysis being 
tim e consuming, uptake has been slow.
Dielectrophoresis is the phenomenon of lateral motion of a polarisable particle as 
the result of polarisation induced when a non-uniform electric field is applied. The 
particle redistributes its charges, with its negative charges moving towards the
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positive electrode and its positive charges moving towards the negative electrode. 
W hen subjected to an alternating current (AC) electric field charges build up 
between the cell membrane and the medium it is suspended in, the quantity of 
which depends on the dielectric properties of both. This leads to  electrostatic forces 
accumulating on either side of the particle and interacting with the non-uniform  
field to  result in a movement towards the area of highest electric field gradient, 
positive dielectrophoresis, or away from  the area of highest electric field gradient, 
negative dielectrophoresis. The electrostatic forces, which build up on either side of 
the particle, depend on the frequency of the electric field and so this can be used to  
manipulate bioparticles accordingly (Hughes, 2003).
In the past, dielectrophoresis has been used to determ ine cell properties through 
analyzing the cell collection rate of particles at the electrode edges (Labeed et al., 
2003), a process that is labour intensive and tim e consuming. To solve this problem  
a DEP-well electrode system was developed to  observe dielectrophoresis through a 
light absorption technique with a microarray geometry which was first used at the  
University of Surrey. This design consists of alternating layers of conductive and 
insulating material with 20 holes drilled through them  and a glass slide attached at 
the bottom to contain the sample (Fatoyinbo et al., 2005). The radial sym m etry of 
the wells means that the polarisability o f the particles can be directly related to  
changes in light transmission through the well, and quantified through the analysis 
of digital images.
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The m ovem ent of the cells in the well is observed through the change in light 
intensity in the digital images of the wells. W hen cells experience positive DEP they  
move towards the electrodes, making the electrode edges appear darker, and the  
centre of the electrode brighter. In negative DEP, the effect is reversed. This 
method allows cell characterisation of whole populations. This greatly simplified 
dielectrophoretic analysis. However, the system was limited by the use of the  
microscope which only allowed the visualisation of one well of the chip at a tim e  
and equally limited by the signal generator only able to  energize one well at a tim e. 
In order to overcome these issues, a 20 channel signal generator has been 
developed at the University of Surrey by the medical engineering team  so th at the  
20 wells can be energized simultaneously with different frequencies. The system 
then needed to  be transformed so that 20 wells could be visualized simultaneously.
This work sets out to  enable real tim e measurement of cell populations by 
implementing a digital camera, lens and light source alongside a 20 channel signal 
generator in one machine, the DEP well instrument, to measure light intensity 
changes for 20 wells simultaneously. Optimisation of the optics is carried out by 
testing different camera, lens and light source combinations and measuring the  
light intensity changes of yeast populations in 4 wells that are energized w ith the  
same frequency simultaneously, in order to  ensure that the system is able to  give 
consistent results. W ork is also carried out to optimize the filling of the DEP well 
electrodes and to enable filling of 20 wells simultaneously. Further work studies the  
effect of well size and cell size on the DEP spectra.
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The real tim e measurem ent of the cells is then applied to relevant pharmacological 
studies of detection of apoptosis and cytotoxicity assays. Staurosporine, a known 
apoptotic agent, is used to study the quick detection of apoptosis on HeLa 
(adherent) cells using DEP and Annexin V with flow cytometry. The cytotoxicity 
assay is carried out by inducing cell death on both Jurkat (suspension) and HeLa 
(adherent) cells w ith doxorubicin. The DEP results are compared with MTT results, 
the gold standard in cvtotoxicitv studies, and trvoan blue.
1.2. OUTLINE OF THE THESIS
This thesis starts with a literature review, followed by tw o research chapters and a 
conclusion chapter. At the end of the thesis, the references and appendices can be 
found.
The literature review is divided in tw o sections. First, an introduction into the AC 
electrokinetics concept and description of dielectrophoresis is given. The 
dielectrophoresis subsections describe the DEP theory, the modelling of dielectric 
data, what the dielectric spectrum describes, applications of dielectrophoresis, 
electrode geometries and the measurement of DEP force by light absorption 
methods. Then a section on mammalian cells describes their composition and their 
electrical properties.
The first research chapter, optimisation of the DEP well system, opens w ith an
introduction and a background review of the optics considerations of the system.
These sections are followed with a materials and methods section in which the DEP
well system set-up and experimental design is described. Results, discussion and
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conclusion of this chapter show how the final set-up for the DEP well system was 
chosen, how the DEP well chip filling is optimized, how the well size requirements 
vary with cell size, and also describes analysis of the experimental data in order to 
reduce error.
In the applications of the DEP well instrument chapter, an introduction and 
background review into detection of apoptosis and cytotoxicity testing is given. 
bacKgrouna inrormation includes the mechanisms of apdptdsis, the current assays 
for apoptosis, review of cytotoxicity measurement techniques and the  
chemotherapeutic agents used in this study. These sections are followed by a 
materials and methods section in which the product from the previous chapter is 
described and the cell culture methods for the experiments using Annexin V, MTT  
and DEP are described. The results section is divided into tw o parts, the rapid 
detection of apoptosis and the cytotoxicity study. The discussion section is also 
divided in this way. This section is followed by a conclusion which incorporates the 
findings from  both sections of the results.
The thesis then concludes with a chapter where conclusions from  the tw o  research 
chapters are made, with suggestions for future work, the references and 
appendices.
1.3. AIMS AND OBJECTIVES
This thesis aims to discover the potential of the DEP well system for rapid 
measurements of cells dielectric properties and its application in drug discovery and 
cytotoxicity.
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The first part of this thesis, chapter ill, investigates how to optimize imaging and 
vision tools to  be able to analyse 20 wells at once and contribute to the automation  
of the system. Part of the optimisation of the DEP well system includes an 
investigation into filling the 20 well electrodes simultaneously and the effect of well 
size on cell size for better DEP results. Different combinations of cameras, lenses 
and lights are tested by carrying out dielectrophoresis experiments w ith yeast, in 
order to  find out which combination gives the best results. Further investigation 
into different ways of processing data can be found in this first part. Once the  
system was optimized it was assembled together in a small box and named the DEP 
well instrument.
The second part of this thesis, chapter IV, investigates the DEP well instrument's 
applications in tw o pharmacological scenarios, detection of apoptosis and detection  
of drug cytotoxicity. In the early apoptosis detection subsection, HeLa (adherent) 
cells are incubated with the apoptotic agent staurosporine and a comparison in the  
DEP spectra between cells incubated before harvesting and those incubated after 
harvesting is made. Findings are compared with flow  cytometry, MTT and trypan 
blue. In the cytotoxicity subsection both HeLa (adherent) and Jurkat (suspension) 
cells are incubated with doxorubicin in order to determ ine the half maximal 
inhibitory concentration of doxorubicin on each cell type. This subsection also 
assesses the performance of the DEP well instrument with adherent and suspension 
cells.
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CHAPTER II 
BACKGROUND
This chapter describes the theory of DEP, the advances in the theory, modelling, 
electrode geometries and applications. Also discussed are imaging and vision 
theories and cell biology.
2.1. CELLS
Cells are living structural and functional units of an organism enclosed by a 
membrane. Unicellular organisms (bacteria, archaea, protozoa, unicellular algae and 
unicellular fungi) consist of just one cell. Multicellular organisms (plants, animals, 
algae and fungi) are made up of many cells. All cells fall into one of tw o categories: 
eukaryotic and prokaryotic. The word eukaryotic comes from the Greek meaning 
'true nut'. They are named so because they contain a nucleus w here the  
chromosomal DNA is kept, unlike prokaryotic cells. Eukaryotic cells can be 
unicellular organisms or part of multicellular organisms, whereas, prokaryotic cells 
are usually unicellular organisms. Another distinguishing characteristic of eukaryotic 
cells is that they posses membrane bound organelles.
2.1.1. Mammalian cell anatomy and physiology
Mammalian cells differ from other eukaryotic cells in their anatomy and physiology. 
The typical structure of a mammalian eukaryotic cell can be seen in Figure 1. No one 
cell has all of the structures seen in Figure 1; they differ depending on the role they  
play within the organism. However, all mammalian eukaryotic cells contain a plasma 
membrane, a cytoplasm and a nucleus.
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Figure 1 Typical mammaiian eukaryotic ceil taken from Cooper and Hausman (2007).
Separating the cell interior from the exterior is the cell's plasma membrane. The
plasma membrane is able to restrict, permit or assist the movem ent of different 
substances into or out of the cytoplasm. The cell membrane, which is made up of 
the lipid bilayer, restricts the permeability of substances in to and out of the cells. 
The lipid molecules are phospholipids, cholesterol and glycolipids, in order of 
decreasing quantity. The lipid bilayer is permeable to water, oxygen and carbon 
dioxide, which diffuse in and out of the cells freely. However, the lipid bilayer is not 
permeable to ions, small hydrophilic molecules and macromolecules. These 
substances can be transported across membranes by membrane ion channels. In a 
typical plasma membrane there is numerous (potassium ions) or Cl (chloride 
ions) channels. There are few er channels available for Na^ (sodium ions) or Ca^  ^
(calcium ions). In
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Figure 2 a schematic of the ion movement across the plasma membrane is shown. 
Diffusion through channels is slower than through lipid bilayer.
The nucleus is a spherical structure which contains the nucleolus. The nucleolus is a 
cluster of protein, DNA and RNA which produces ribosomes. Inside the nucleus, 
genes can be found arranged along chromosomes. The nucleus controls the cellular 
structure, and directs cellular activities.
On the other hand, the cytoplasm is made up of all the cellular contents between  
the plasma membrane and the nucleus and has tw o components, the cytosol and 
the organelles. The cytosol is the fluid part made up of water, dissolved solutes and 
suspended particles. Surrounded by cytosol are the organelles which include the  
cytoskeleton, ribosomes, endoplasmic reticulum, Golgi complex, lysosomes, 
peroxisomes, and mitochondria.
IPocentbJ 
cHHerence 
across cell 
membrane 
created 
either by 
action of an 
electrogenic 
Na+ extrusion 
mechanism 
o r b y K  
diffusing out
low Na
low Cl
Na+ :Na*  ^diffusion
Na+
into cell
Active extrusion
ofNa^
taken up actively 
o r passively In 
exchange for Na^
Diffusion of K ' out of 
cell. N e t loss limited 
"I by membrane potential
C l diffuses in both directions, 
concentration inside cell 
determined by potential and 
external Cl concentration
Figure 2 Ion movement across plasma membrane, taken from Lockwood (1978)
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The cell is held in shape by the cytoskeleton. The cytoskeleton is made up of protein 
filaments, which form  a network and extend throughout the cytosol. It provides a 
scaffold that aidsTo determ ine a cell's shape and to organize the cellular contents. 
It helps with the movem ent of organelles within the cell, of chromosomes during 
cell division and of whole cells.
Inside all cells are the ribosomes, the sites of protein synthesis which have a high 
concentration of ribonucleic acid, ribosomal RNA. Those ribosomes associated with  
endoplasmic reticulum synthesize proteins for insertion in the plasma m em brane or 
secretion from the cell and those that are free, synthesize proteins used in the  
cytosol.
Exclusive to  the cytoplasm of eukaryotic cells is the endoplasmic reticulum (ER), 
made up of a network of membranes in the shape of flattened sacs or tubules. The 
rough ER synthesizes glycoproteins and phospholipids that are inserted into the  
plasma m embrane or secreted during exocytosis. Smooth ER synthesizes fatty  acids 
and steroids, inactivates or detoxifies drugs and other harmful substances, removes 
the phosphate group from glucose-6 -phosphate and stores and releases calcium 
ions that trigger contraction in muscle cells.
The proteins synthesized by ribosomes attached to rough ER are transported to  
other parts of the cell, and the first step o f this process is through the Golgi 
complex. The Golgi complex is made up of several sacs called cisterns that have 
Golgi vesicles. The complex processes sorts, packages and delivers proteins and 
lipids to the membrane.
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Lysosomes form from the Golgi complex. They are membrane-enclosed vesicles that 
contain enzymes. They digest substances that enter a cell, transport digestion 
products to cytosol, and carry out autophagy, autolysis and extracellular digestion. 
Peroxisomes are similar in structure to lysosomes but smaller, and contain oxidases, 
which are enzymes that can oxidize several organic substances.
Most of the energy needed for all the cellular processes is generated in the  
mitochondria. Mitochondria are made up of an outer mitochondrial m em brane and 
an inner mitochondrial membrane with a small fluid-filled gap in between. They 
generate most of the ATP (adenine triphosphate), cellular energy, through reactions 
of aerobic cellular respiration.
2.1.2. Fungal cell anatomy and physiology
Fungal cells are eukaryotic cells, and they generally form multicellular organisms. 
Yeast cells are fungal cells which are unicellular organisms. They differ from  
mammalian cells in that they have an additional layer surrounding them , called the  
cell wall. The cell wall is a rigid layer which serves to  structurally support the cell 
and carry out filtering mechanisms. Other eukaryotes and prokaryotes also have cell 
walls but the material the cell wall is made of varies between all. Additionally, 
fungal cells have a vacuole, an organelle they have in common with plant cells. The 
vacuole can take many shapes. In the case of yeast, the vacuole is a dynamic 
structure that can quickly change its shape. The vacuole has many functions such as 
isolating harmful materials that pose a threat to the cell, containing waste and small 
molecules, and regulating cell pH, concentration of ions and osmotic pressure.
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2.1.3. Cell electrophysiology
Cells have a resting potential of approximately -lO O m V  with respect to the outside. 
A cell can be regarded as having tw o parts, the membrane and the cytoplasm, 
floating in some medium. The cytoplasmic fluid is regarded to be almost like salt 
w ater, as is the fluid outside the cell. The lipid m embrane separates these tw o fluids 
and so can be regarded as tw o conductors separated by an insulator, which is 
essentially the definition of a capacitor. The salt solution is not as good a conductor 
of ions as a wire is of electrons but it is better than the lipid.
The membrane of a cell acts as a resistor and a capacitor in parallel, due to  the ion- 
conducting channels and the phospholipid bilayer, respectively. The cytoplasm is 
highly conductive because it contains plenty of ions that carry charge over large 
cross-sectional areas. It also has high permittivity, as it is able to  polarize in 
response to an electric field. Overall, the cell has both resistive and capacitive 
properties and so it can be regarded as a lossy dielectric. Lossy dielectric is the term  
used to describe a non conducting substance that can be made to  show an electric 
dipole structure which can dissipate energy.
The response of a material to an electric field depends on its conductivity and 
permittivity. The conductivity describes the ability of a material to conduct charge 
through it; the permittivity describes the ability of a material to  store charge. The 
perm ittivity of a material (e) is usually expressed as relative perm ittivity (Sr) which is 
the perm ittivity relative to perm ittivity of free space (eq). The relative perm ittivity, 
£r=E/£o, is therefore dimensionless.
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2.1.4. Cancer
Cancer is a collection of diseases characterized by uncontrolled or abnormal cell 
proliferation. A tum our is the form ation of excess tissue in a body part, cause by 
cells dividing w ithout control. Tumours can be cancerous and fatal, malignant, but 
they can also be harmless. A property of most malignant tumours is the capability 
to undergo metastasis, of spreading to other parts of the body. Benign tumours are 
those that do not metastasize.
Cells of malignant tumours multiply quickly and continuously, and as they do so 
they compete with normal tissues for space and nutrients. Eventually the normal 
tissue decreases in size and dies. Malignant cells resist the antitum or defences of 
the body and the pain experienced is due to the tum our pressing on the nerves or 
passageways in organs causing blockage and build up pressure.
Cancer can be caused by many factors. A chemical agent or radiation that induces 
mutations in the DNA causing cancer is known as a carcinogen and these are 
associated with 60-90% of human cancers. Another cause can be oncogenes, or 
inappropriately activated genes that can transform a normal cell into a cancerous 
cell. Most oncogenes are derived from malfunctioning proto-oncogenes, which are 
normal genes that regulate growth and development. Some cancers have a viral 
origin. Oncogenic viruses stimulate abnormal proliferation of cells, causing cancer. 
Cancer may be linked to a cell having abnormal numbers of chromosomes, leading 
to uncontrolled proliferation. There is also some evidence showing that normal 
stem cells that develop into cancerous stem cells can form malignant tumours.
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2.1.5. Apoptosis
The body uses a process called homeostasis to maintain a constant internal 
environment. In multi-cellular organisms cell death is regulated so that there is a 
balance between cell proliferation and cell death, therefore maintaining 
homeostasis. Cell death can occur during embryonic developm ent in 
morphogenesis, during aging to maintain ceir'populations in tissue and also as a 
defence mechanism when virally infected cells are detected.
Vogt (1842) was the first to  have recognized cell death as part of normal 
development in 1842. It was since rediscovered several times and given different 
names (Vaux and Korsmeyer, 1999). A fter reviewing observations about cell death  
in normal vertebrate development from the literature, Glücksmann (1951) 
published an influential review in which he outlined the major morphological 
changes observed in cell death, but did not realize that type of cell death surpassed 
the field of embryology. The most common term  used for this type of death was 
"programmed cell death" which was introduced by Lockshin and Williams (1965) in 
1965. It was only in 1972 that Kerr et al. (1972) gave this type o f controlled cell 
deletion the name apoptosis, which is derived from the Greek word used to  
describe the "dropping off" of petals from flowers. Apoptosis takes place in tw o  
stages; firstly apoptotic bodies are formed, then they are phagotized and degraded  
by other cells (Kerr et al., 1972). The formation of apoptotic bodies consists of 
condensation of the chromatin in the nucleus into dense masses, shrinking o f the  
cytoplasm, nuclear fragmentation and separation of membrane blebs to  produce
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membrane bounded bodies of different sizes, called apoptotic bodies, which may or 
may not contain nuclear fragments (Kerr et al., 1972, Rang and Dale, 2007).
In contrast to apoptotic cell death, necrotic death causes cells to swell and burst, 
releasing their contents and causing an inflam m atory response. Apoptotic death  
avoids leakage of its contents and allows the remnants of the cell to be recycled by 
the cell that ingests it. Once it was established that apoptosis was a different
process to necrosis, research began to  focus on how apoptosis is initiated and
inhibited in cells.
Studies on C. elegans have been im portant in identifying the specific genes and 
proteins which trigger apoptosis, and in discovering that those genes and proteins 
act within the cells that die (Horvitz, 1999). Of the 1090 cells form ed in the
development of an adult hermaphrodite, 131 always undergo programmed cell
death (Horvitz, 1999). In C. elegans 13 genes are involved in programmed cell death, 
three of those genes ced-3, ced-4 and egl-1, have been identified as necessary for 
cell death to occur and have human counterparts that act in apoptosis (Horvitz, 
1999, Ellis and Horvitz, 1986, Georgakis et al., 2005).
Apoptosis is initiated by members of a family of cysteine aspartvl proteases, the  
apoptotic caspases. They are present in the cytosol and are inactive until they are 
activated by oligomerization and then cleavage. Once they are activated they can 
cleave and activate other caspases, setting off a proteolytic cascade. Caspases can 
be activated through the extrinsic or the intrinsic pathways, as seen in Figure 3, and 
described in the following sub sections.
16
Ruth Torcal Serrano
Extrinsic pathway 
Ligand m ^
Chapter II: Background 
Intrinsic pathway
Death receptor
Absence of growth 
factors, hormones, 
cytokines; 
irradiation; toxins; 
viral infectios; free 
radical damage.
(DISC)
FADD
Pro-C8
MitochondriaQ RIP1
Bid
Smac/Diablo Bci-2
lAP
Bad
Pro-C9, Cytochrome c AIF, EndoG
03, 06, 07, 09 Apoptosome
(ATP)
DNases
DNases
APOPTOSIS
Figure 3 The extrinsic and intrinsic pathways that lead to apoptosis. Imaged adapted from 
(Indran et al., 2011). The extrinsic pathway starts with the binding of the ligands to their 
respective surface receptors. The intrinsic pathway starts by several stimuli (orange box) 
and affects the mitochondria. C: caspase.
2.1.5.1. Extrinsic pathway
Mammals have a mechanism, the extrinsic apoptotic pathway, which allows the  
organism to instruct individual cells to self-destruct. Death receptors, present on 
the extracellular part of the cell membrane, are key players in instructive apoptosis. 
The death receptors are part of the tum our necrosis factor (TNF) receptor gene 
superfamily which is made up of similar extracellular domains.
The best characterized ligands and death receptors are CD95L/CD95 and 
TNF/TNFRl (Ashkenazi and Dixit, 1998). They are im portant in three types of 
physiological apoptosis: removal of activated mature T cells after an immune
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response; killing of targets (e.g. cancer cells) by cytotoxic T cells and natural killer 
cells; killing of inflammatory cells at "immune privileged" sites, places of the body 
that don't illicit an inflammatory response after antigen introduction (Ashkenazi and 
Dixit, 1998).
Upon ligand binding the death receptors cluster up and recruit proteins to  their 
cytoplasmic domains, the death domains (DD). The receptors then recruit an 
adapter rhdlècülè that also contains  ^death dofriaih. In the case of CD95 (also called 
Fas or A p o l), that adaptor protein is called FADD (Fas-associated death domain) 
and it binds via its death domain to that of the receptor. W hen FADD accumulates 
in the death receptor complexes, procaspase-8  is recruited to form  the Death 
Receptor Signalling Complex (DISC) (Munoz-Pinedo, 2012). DISC then activates an 
initiator caspase, procaspase 8  which triggers the execution phase of apoptosis via 
caspase 3, the downstream effector caspase and the cell commits to  apoptosis 
(Hengartner, 2000).
2.I.5.2. Intrinsic pathway
The intrinsic pathway is activated by stimuli which cause intracellular signals and 
initiate mitochondrial events. The stimuli can be negative, for example: absence of 
growth factors, hormones and cytokines. Or they can be positive, for example: 
radiation, toxins, viral infections, or free radical damage.
The stimuli cause changes in the inner mitochondrial membrane that lead to  the
opening of the mitochondrial permeability transition (MPT) pore, loss of the
mitochondrial transmembrane potential, mitochondrial m em brane
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permeabilisation (M M P ) and release of tw o types of pro-apoptotic proteins from  
the intram em brane space into the cytosol (Saelens et al., 2004).
The first group of pro-apoptotic proteins includes proteins such as cytochrome c 
(cyt c), Smac/DIABLO and the serine protease H trA 2 /0M I (indran et al., 2011, 
Elmore, 2007, Saelens et al., 2004). These proteins initiate the caspase dependent 
mitochondrial pathway. Cyt c binds to  Apaf-1 (Apoptotic protease activating 
fac to rl) leading to  activation of caspase 9, forming the apoptosome and this in turn  
activates the executioner caspases 3 and 7 leading to  the breakdown of the cell 
through nuclear fragmentation (Indran et al., 2011, Elmore, 2007). Smac/DIABLO 
and H trA 2/0m i inhibit the activity of inhibitors of apoptosis proteins (lAPs), allowing 
apoptosis to  continue.
The second group of pro-apoptotic proteins includes apoptosis inducing factor (AIF), 
endonuclease G (Endo G) and Caspase activated DNase (CAD) which are released 
from  the mitochondria in a late stage in apoptosis, once the cell is com m itted to  die 
(Indran et al., 2011, Elmore, 2007). Both AIF and Endo G translocate to  the nucleus 
and cause DNA fragmentation, and both act in a caspase independent m anner 
(Elmore, 2007). CAD is then released from the mitochondria and translocates to  the  
nucleus to be cleaved by caspase 3 and cause DNA fragmentation and chromatin  
condensation (Elmore, 2007).
The control and regulation of the apoptotic mitochondrial events happens through  
members of the Bcl-2 family of proteins which can be either pro-apoptotic (BAX,
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BID, BAK or BAD) or anti-apoptotic (Bcl-X and Bcl-2), deciding w hether the cell 
commits to dying or stops the process (Hengartner, 2000).
2.1.5.3. Execution
The death receptor and intrinsic pathways m eet at caspase 3 activation. This activity 
is influenced by inhibitors o f apoptosis proteins (lAPs), which as mentioned  
previously, are inhibited by Smac/DIABLO. The apoptotic programme involves many 
sub programmes which result in the organized break down and removal of the cell 
(Hengartner, 2000).
Cross-talk between the tw o pathways is enabled by Bid, a pro-apoptotic Bcl-2 family 
member. Bid's pro-death activity is increased by caspase-8  mediated cleavage of Bid 
which causes Bid to translocate to the mitochondria where it promotes cytochrome 
c exit (Hengartner, 2000).
2.2. DIELECTRIC ANALYSIS TECHNIQUES
There are different approaches available for the analysis of the dielectric properties 
of particles, such as dielectric spectroscopy and electrokinetic techniques. Neither 
approach requires labelling of the particles analysed. Information about the  
dielectric properties of the membrane, cytoplasm and nucleus of particles can be 
obtained by measuring the dielectric response of the cells at different frequencies.
Dielectric spectroscopy, or impedance spectroscopy, is a technique used to measure 
the impedance of a material at different frequencies. The dielectric spectra 
obtained from the measurements can then provide information about th e  material
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studied. Dielectric spectroscopy has been used in many applications including the 
study of effects of shear stress of plant cells (Markx et al., 1991), study of the 
dielectric properties of red blood cells suspended in whole blood and in isotonic 
media at various volume fractions (Beving et al., 1994) and the study of impedance 
properties of rat lung (Dean et al., 2008).
Electrokinetic techniques make use of DC or AC electric fields. An example of DC 
electrokinetics is ëlectrôphbresis, the m ovem ent of charged particles under 
homogeneous electric fields. Techniques within AC electrokinetics include 
electrorotation, travelling wave dielectrophoresis and dielectrophoresis.
2.3. AC ELECTROKINETICS
Alternating current (AC) electrokinetics describes the movement and behaviour of 
particles in suspension when in AC electrical fields. The phenomenon occurs when  
induced dipoles interact with electric fields, resulting in several types of motion 
such as attraction, repulsion and rotation depending on the nature of the dynamic 
field (Hughes, 2000). It can be used to  manipulate, characterize, analyse, sort, 
separate and fractionate bioparticles. First to subject biological materials to  high 
frequency electric fields and notice pearl-chain form ation were M uth (1927) and 
later Liebesny (1939) (Pohl and Crane, 1971, Pethig, 1996).
AC electrokinetics derives from Coulomb's Law. About 200 years ago, Charles
Augustin de Coulomb found that tw o electrical charges exert a force on each other
directly proportional to the product of the charges and inversely proportional to  the
square of the distance. Subsequent work showed that the force, F, is given by:
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where Qi, Q2 are the charges on each particle in Coulombs, d is the distance 
between the tw o charges in metres, 80 is the perm ittivity of free space which has 
the value 8.85 x 10"^^ farads per m eter (F-m“ )^, and r is the unit vector directed from  
Q i to Q2.
AC electrokinetics is a group of techniques such as Dielectrophoresis (DEP), Electro- 
rotation (ROT) and Travelling-wave dielectrophoresis (TWD).
Electrorotation is a technique which consists of inducing a dipole in a particle in a 
rotating electric field which produces a controlled rotation in the particle. This is 
due to the dipole taking finite tim e to form , by which tim e the electric field has 
rotated slightly. Therefore there is a lag between the orientation of the electric field 
and the dipole m om ent which induces a torque as the dipole rotate to  re-align 
itself. As the electric field is continuously moving, so is the cell (Huang et al., 1999, 
F u h re ta l., 1986).
Travelling wave dielectrophoresis is similar to  electrorotation in that the electric 
field generated travels along several electrodes in a linear motion. This 
phenomenon induces a force on the particle as the dipole moves to align itself with  
the electric field (Morgan et al., 1997). If the lag is within half a cycle of the electric 
field then the particle will move in the direction of the travelling field, otherwise it 
moves in the opposite direction. It was first described by Batchelder (1983) and 
then applied by Masuda et al. (1987).
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Dielectrophoresis is the motion of particles in inhomogeneous electric fields as a 
result of polarisation forces. The work in this thesis focuses on dielectrophoresis, for 
that reason, the following section describes this technique in detail.
2.4. DIELECTROPHORESIS
W hen a particle has positive and negative charges but the average positions of 
those charges are not in the same place then the particle is a dipole. W hen the  
average positions of positive and negative charges are moved apart by an electric 
field then the particle is polarized. All particles, when subjected to  an electric field 
polarize and interact with the electric field to generate electrostatic forces. In a 
homogeneous electric field, a polarized particle will distort the electric field but 
because it experiences equal forces on either side, there is no net force on the  
particle. In contrast to electrophoresis, a phenomenon in which charged particles in 
a homogeneous electric field experience a force due to the attraction between the 
electrode and the charges on the particle (Figure 4), dielectrophoresis affects all 
particles in an inhomogeneous electric field that have different dielectric properties 
than the medium they are suspended in.
In dielectrophoresis the field is non uniform and the particle does not need to  carry 
a net charge. The higher electric field strength at the average centre of one polarity 
will generate a Coulombic force which will be greater than the other side. 
Therefore, the particle will be subject to a net force that will move it away or 
towards the field gradient, depending on the complex dielectric properties of the  
medium and particle and the applied frequency. The force is independent o f the
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direction of the electric field, as, if the electric field was reversed, the orientation of 
the induced dipole realigns. This lateral motion of an uncharged particle due to  
polarisation induced by non-uniform electric field was first term ed  
dielectrophoresis by Pohl in 1951 (Pohl and Crane, 1971, Hughes, 2000).
J ‘
* *r  DieiectriflSi 
Y .-  particle: ;
Electrophoresis
Dielectric i 
particle
Positive Dielectrophoresis
- f
Figure 4 In electrophoresis, charged particles experience a force while dielectric particles 
polarize and distort the electric field, but because the field is homogeneous, the particle 
experiences the same force on each side and so there is no net force. Particles experience 
positive DEP at a frequency in which the particle is more polarisable than the medium 
and so they move towards the area of highest electric field. If the particle polarizes less 
than the medium, the particle moves away from the highest electric field, negative DEP. 
(Hoettges, 2010)
Depending on the relative polarisability of the particle and the suspending medium  
the particle will move in a certain direction. W hen the medium is less polarisable 
than the particle, the dipole in the particle reorients itself with the field and the  
force acts up the field gradient towards the area where the electric field is highest. 
When the medium is more polarisable than the particle, the dipole in the particle 
reorients against the field and the particle is repelled from the area where the  
electric field is highest (Pethig, 1996).
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2.4.1. DEP theory
The field induces a dipole in the particle and the induced charges on each side of 
the dipole with the electric field generate a force given by:
Fdep =27Tr'£^  Re[K(co)]VÉ' [2]
where Em is the absolute perm ittivity of the suspending medium, r is the particle 
radius, V  is the Gradient operator Del, E is the electric field Re[K(w)] is the real part 
of Clausius-Mossotti factor. The Clausius-Mossotti factor is given by:
k(co) =
< + 2 e :  J3J
where œ is the angular frequency, £ *  is the complex perm ittivity of the particle (p) 
and suspending medium (m).
The real part of the Clausius-Mossotti factor depends on the frequency o f the  
electric field. Values of the Clausius-Mossotti factor greater than zero (£p>£m) result 
in positive dielectrophoresis, and values lower than zero (£p<£m) result in negative 
dielectrophoresis.
The complex perm ittivity is given by:
0) [4]
where £| is the permittivity of the material, j is the square root of - 1 , a  is the
material conductivity and w is the angular frequency of the electric field. Complex
perm ittivity is frequency dependent: at high frequencies the imaginary term  tends
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to zero and is dominated by the perm ittivity and at low frequencies the conductivity 
term  becomes very large and dominates over permittivity. This leads to two types 
of behaviour: permittivity and conductivity dominated. Between the two types 
there is a transition which is term ed dielectric dispersion (Pethig, 1979).
2.4.2. Modelling of dielectric data
To determ ine the dielectric properties of cells such as membrane perm ittivity and 
cytoplasmic conductivity mathematical models are used to fit the DEP spectra data. 
There are several mathematical models that have been applied to this problem. The 
simplest and most common theoretical model is that of a homogeneous sphere 
surrounded by a conducting dielectric medium (Irimajiri et al., 1979). This model 
ignores the fact that biological cells have a complex internal structure and are 
heterogeneous. However, simplifying assumptions are still helpful in extracting 
dielectrophoretic data (Turcu and Lucaciu, 1989). A multi-shell model in a low  
conducting medium can be used to obtain approximates of the membrane 
conductivity and the permittivity of the cytoplasm (Pauly and Schwan, 1959).
Atypical mammalian cell can be represented with a shell (cell membrane) around a 
homogenous core (cytoplasm), surrounded by a medium which is considered as 
another layer, as seen in Figure 5.
Figure 5 Single shell model. Adapted from (Huang et al., 1992)
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Each layer has an outer and an inner radius and its own complex perm ittivity given 
by equation 4. To determ ine the effective properties of the entire particle, the core 
and the first shell are represented as a single homogeneous core with an effective 
permittivity, given by:
' l e f f N  =  e:
El +2E-
[5]
Gi -^ 2
£ ; + 2 e ;
where 1 is the core, 2 is the shell, ri is the radius from  the centre of the sphere to  
the inside of the m embrane and ri is the radius from the centre of the sphere to  the  
outside of the membrane.
Non-mammalian cells may have a cell wall which can be represented by an 
additional layer. The effective perm ittivity of this layer can be represented as:
' 2 e i f (C0) =  £- e *
, n l^eff -  ^3+  ^ —------- — T
G i e f f  +  2 £ g
[6]
^ l e f f  ~  ^ 3
Gieff + 2 8 3
The Clausius-Mossotti factor, from equation 3, can then be rewritten as:
^ 2eff ■T2£^
[7]
2.4.3. The DEP spectrum
There are approaches for studying the properties of single cells using
electrorotation or image-processed tracking of single cells. However, when larger
27
Ruth Torcal Serrano Chapter II: Background
cell populations of the same kind are being studied, the dielectric properties can be 
obtained by analysing the dielectrophoretic spectra of the whole population 
(Broche et al., 2005).
Figure 6  shows a typical spectrum of a single-shelled cell in a low conductivity 
medium with the real part of the Clausius-Mossotti factor as a function of 
frequency. As it can be seen, there are tw o characteristic changes in properties, or 
"dispersions". At lower frequencies there is a rise in polarisability as it changes from  
negative to positive DEP and at higher frequencies the polarisability declines, going 
from positive to negative DEP. The frequency at which the polarisability is zero and 
changes from negative to positive either side is called the cross over frequency.
Direct determ ination of the properties of the particles can be obtained fo r a 
homogenous sphere by equating the Clausius-Mossotti factor equation to  zero and 
obtaining the cross over frequencies, which in Figure 6 are represented by Fxi and 
Fx2. However, for a shelled sphere it is more complicated to  obtain such 
information. W ork on deriving expressions for the lower cross over frequency has 
been carried out, but not much attention has gone into the higher cross over 
frequency as signal generation equipm ent has limitations in reaching frequencies 
above 20 MHz (Broche et al., 2005). Chung et al. (2011) were the first to carry out 
systematic measurements of the second cross over frequency, Fxz, above 100 MHz. 
They found that the second cross over frequency is sensitive to  changes in the  
dielectric properties of the cell interior, particularly properties of the nucleus and 
the ratio of nucleus to  cell volume. They also found that the second cross over
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frequency decreased over tim e. A conclusion from their study is that obtaining both 
cross over frequencies, as opposed to  only the first one, gives a better indication of 
any changes in cell state during DEP experiments.
10' 10" 1C* l i f  to"
Frequency [Hz]
Figure 6 Typical spectrum of a single shell particle, taken from (Broche et al., 2005)
The high frequency dispersion and crossover frequency of a cell is related to  the  
conductivity of the cytoplasm; the lower frequency dispersion and cross over 
frequency of a cell is related to  the perm ittivity of the membrane.
2.4.4. Applications of dielectrophoresis
Early studies were focused on understanding the way cells respond to  DEP forces 
and understanding their physiochemical properties. Now that the theory and 
technology have developed greatly, most of the focus is directed towards the  
application of DEP to different fields such as bioterrorism, medical diagnostics, drug 
discovery, cell therapeutics, nana-assembly and particle filtration, targeting from  
particles to small molecules (Pethig, 2010).
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2.4A.1. Characterisation
The most common application of dielectrophoresis is in characterising cells. By 
studying the dielectrophoretic spectrum, the electrical properties of cells can be 
obtained and studied to infer information about their biological state. Some of the  
earlier characterisation work was done on malignant melanocytes (Mischel et al., 
1983), B-lymphocytes, hybridomas and myeloma (Stoicheva, 1986), erythrocytes 
(Tsoneva et al., 1986) and chloroplasts (Stoicheva et al., 1987). Characterisation has 
also been used to detect dielectric changes of cells as a result of adding chemicals. 
Burt et al. (1990) studied the effect of saponin treatm ent on R l Friend murine 
erythroleukaemia cells, the effect of neuraminidase on human red blood cells and 
the effect of hexamethylene bisacetamide (HMBA) treatm ent on three cell lines 
(DS19, R l and D R l) of Friend murine erythroleukaemia cells.
Coley et al. (2007) used dielectrophoresis for the biophysical characterization of 
multi-drug resistance (MDR) breast cancer cell lines to  reveal that the cytoplasm is 
critical in determining drug sensitivity and recognized that DEP could be useful in 
identifying populations of tum our cells with different drug sensitivities by 
measurements of cytoplasmic conductivity.
Dielectrophoresis has also been used to detect apoptosis (programmed cell death) 
soon after drug induction by means of measuring the changes in 
electrophysiological properties. Apoptosis is im portant in body maintenance and 
development and loss of apoptotic process is the key to cancer cells being 
immortalized. Many cancer drugs act to  restart apoptotic processes in cancer cells
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and therefore fast determination of apoptosis is essential in anticancer drug 
discovery. Apoptosis is usually detected by later cellular events such as protein 
inversion on the m embrane or the collapse of mitochondrial membrane potential. 
Such events happen much later than the efflux of potassium and \A/ater, changes 
that can be detected with dielectrophoresis. DEP was used on K562 cells and proved 
that 30 minutes after treatm ent with staurosporine there was a significant change 
in the ionic content in the cytoplasm, something that was not detected with 
Annexin V-FITC assay, and so can be used to detect very early-stage apoptosis (Chin 
et al., 2006). Wang et al. (2002) investigated the effects of induced apoptosis on the  
m embrane properties of culture human promyelocytic HL-60 cells. The variations in 
the capacitance and conductivity of the membrane were determ ined from  
measurements of the dielectrophoretic crossover frequencies of the cells after 
having been treated with genistein.
Dielectrophoresis is used in drug screening because it provides electrophysiological 
data not always available by other methods. It has the advantage of label free  
assessment, which is the current trend in drug discovery. DEP also helps w ith  
screening of drug-resistant cells, assays that cannot be done with labels, and 
provides faster assays. There are a number of pharmacologically-relevant assays 
that have been demonstrated using DEP such as the work carried out by Hübner et 
al. (2005) on the parallel measurements of drug action and Labeed et al. (2003) on 
the assessment of multidrug resistance reversal. DEP has been used in IC50 
cytotoxicity assays, the standard test of drug toxicity, which determ ines the drug
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concentration required to kill half of a cell population. This works by subjecting the  
cells to different drug concentrations, working out the survival fraction for each of 
the concentrations and obtaining the value of the dose that kills 50% of the  
population. Hübner et al. (2006) incubated K562 cells with anticancer drug 
staurosporine for 18-48 hours and after 4 hours the cells were tested with 
dielectrophoresis and trypan blue cytotoxicity assay. Another application o f toxicity 
assays is for w ater quality measurement. This was studied by Hübner e t al. (2003) 
using green algae Selenastrum capricornutim as a high speed variation of BS EN ISO 
28693:1993. Algae were added to  a sample of w ater and it was seen how many 
were viable after 72 hours using DEP.
Stem cells are cells that are not differentiated themselves but can divide limitlessly 
to form other cells, which can remain as stem cells or differentiate and form  
specialized cells. Not much work has been done with stem cells and DEP to  date. 
Flanagan et al. (2008) showed that stem cells and their more differentiated progeny 
can be identified through their dielectrophoretic characteristics through  
experimental work with neural stem /precursor cells (NSPCs) and their 
differentiated derivatives (neurons and glia). M ore importantly, they w ere able to  
distinguish NSPCs from different developmental progression and were able to  
predict their fate.
Labeed et al. (2011) characterized tw o foetal-derived human neural/stem  
progenitor cell (huNSPC) populations, SC23 and SC27, to determ ine w hether the
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electrophysiological properties reflect biases in fate potential. They found that 
membrane capacitance inversely correlates with the neurogenic potential of NSPCs.
M uratore et al. (2012) were able to  separate cells in different stages of 
differentiation in the C2C12 myoblast m ultipotent mouse model using DEP, which 
has an application in regenerative medicine. Their results were validated with flow  
cytometry and Western blotting. They also found differences in the cell membrane  
capacitance. They found those differences were a result of cell merribrane 
composition and morphology and not cell size, which was further confirmed using 
Raman spectroscopy.
Other characterisation studies have looked into methods which enable rapid or 
near real tim e characterisation of cells. Broche et al. (2011) developed an 
autom ated system which measures the DEP spectrum for a large cell population in 
under 5 min using microwell electrodes, with high signal-to-noise ratio and high 
inter-experimental reproducibility. Fatoyinbo et al. (2011) presented a new assay 
form at for near real tim e DEP monitoring by simultaneously applying alternating  
current signals to up to  eight dot microelectrodes in an array form at.
2.4A.2. Separation and manipulation
Dielectrophoresis can be used to separate particles with d ifferent sign 
polarisabilities as they move in different directions at a given frequency. 
Dielectrophoresis was first applied for the separation of live and dead cells in 1966  
by Pohl and Hawk (Pohl and Hawk, 1966). Dielectrophoresis has since been used in 
biotechnology for the alignment of cells before undergoing electrofusion, selective
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trapping, manipulation and separation of bioparticles. There are other techniques 
for trapping or manipulating particles but they present disadvantages due to being 
more complex or more expensive than DEP and DEP has the advantage of being 
able to induce positive and negative forces (Pethig and Markx, 1997). For example, 
flow  cytom etry is effective in cell sorting but it is more expensive than DEP and 
needs fluorescence labelling which can change some of the main properties of the  
particles (Aldaeus, 2006).
DEP has also been used for mineral separation; Lungu (2006) separated small 
concentrations of gold and silver from  mineral waste and Batton et al. (2007) 
removed heavy metal waste from  contaminated water. It has also been used to  
separate metallic, single walled carbon nanotubes and semiconducting, single 
walled carbon nanotubes because it proved to give high selectivity and simplicity 
(Krupke et al., 2004).
In biomedical applications DEP has been used to separate live and dead cells, w ith  
the remaining live cells still viable after separation; strains of bacteria and viruses; 
red and white blood cells; and cancer cells from  blood (Pohl and Hawk, 1966, Markx  
et al., 1996, Burt et al., 1998, Gascoyne et al., 1997). Morgan et al. (1999) proved 
that DEP can work in the sub-micron scale in the separation of a mixture of Herpes 
Simplex and Tobacco Mosaic viruses. Also, DEP trapping has been used w ith yeast, 
bacteria, mammalian cells and other cell types (Mischel et al., 1983, Archer et al., 
1993, Fuhr et al., 1998, Heida et al., 2001, Pimbley et al., 1999, Pohl, 1977). M arkx 
et al. (1994a) used dielectrophoresis to find the electrical conductivity values fo r a
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varied selection of Gram-negative and Gram-positive bacteria allowing 
experimental conditions to  be selected for the separation of micro-organisms of 
different species with dielectrophoresis which later on they used for the separation 
of viable and non-viable yeast cells (Markx et al., 1994b).
Markx et al. (1997) used field flow fractionation (depFFF) to separate viable and non 
viable yeast cells. A depFFF system has also been used by Gascoyne et al. (2009) to  
isolate cancer cells in blood. Mixtures of three types of cultured tum our cells in 
blood were injected into a depFFF chamber in which ah electric field was applied. At 
a frequency of 60 kHz the cancer cells experienced positive DEP and were attracted  
to  the electrode array, whilst the blood cells experienced negative DEP and were  
repelled from the electrode array. A combination of DEP sedimentation and 
hydrodynamic forces affect the position of the cells in the hydrodynamic flow  
profile and cells with different properties leave the chamber at different times. The 
cells recovered by DEP were viable and could be used for further culture and 
analyses.
M uratore et al. (2012) used DEP to distinguish cells at different stages of 
differentiation in the C2C12 myoblast m ultipotent mouse model. The separated  
samples were more than 96% pure, confirmed by flow  cytometry and western  
blotting.
Dielectrophoresis was used to trap cells by Li et al. (2013) as part of a new
technique which combines hydrodynamic, electroosmotic, electrophoretic and
dielectrophoretic forces for microparticle manipulation in microchannels. The
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system integrates trapping, release and sorting of particles. It was tested on 
Polystyrene particles, yeast cells and E. coli, and used to separate live and dead 
yeast cells.
DEP is a simple, label free method that can enable the isolation or aggregation of 
cells for experimental purposes. Investigation has gone into producing a tool to  
isolate and position single cells during cell culture. Matsue et al. (1993) used DEP to  
manipulate a^ihgle rnÿelôitià cell using micrdrfing-ring electrodes and Ogata et al. 
(2001) manipulated a single chlorella cell with DEP using a dual-microdisk electrode. 
Hunt and W estervelt (2006) proved they could trap and hold a single particle using 
DEP with a sharp glass tip with electrodes on either side, w ithout damaging the cell 
and allowing it to undergo cell division. Menachery et al. (2011) introduced  
tweezers, made up of two electrochemically etched gold wires with stainless steel 
syringe needles bonded to the non-etched ends, sealed into each half of a tapered  
theta glass capillary, with the gold wires protruding to  form the tweezers tips. This 
was fabricated with the technology available in most electrophysiology laboratories 
eliminating the need for expensive microfabrication technology. Their design was 
tested on transfected HEI-193 human schwannoma cells, and they found th a t viable 
cells could be trapped and non-viable cells could be removed.
2.4.4.3. Diagnostics
DNA manipulation is im portant for the development of point of care diagnostic 
devices. Gagnon et al. (2008) presented a quadrupole electrode array fo r the  
detection of the amplitude and direction of the dielectrophoretic m obility of
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oligonucleotide -functionalized silica nanoparticles as a function of DNA-DNA 
hybridization, which does not need fluorescence or confocal microscopy and is 
therefore simple, rapid and portable.
Recently, dielectrophoresis has been used to quantify and separate circulating 
tum our cells (CTCs) for further study, which is im portant to control metastasis and 
direct cancer therapy. Shim et al. (2013) used a continuous flow  DEP-FFF system 
that can process 10ml of clinical specimens in less than 1 h. Some of the underlying 
technology has been licensed to  ApoCell for the development of ApoStream. Gupta 
et al. (2012) describe a new continuous flow  DEP device, ApoStream, to isolate and 
recover viable cancer cells from  blood. As DEP analysis does not require labelling, it 
offers advantages over other technologies which depend on cells having specific cell 
surface markers. Not all CTCs posses the cell surface markers that other methods 
look for, leaving some CTCs to go by undetected. The device consists of an inlet 
chamber where sample is injected and a gear pump which delivers buffer at a 
constant flow rate. DEP signal is applied and cancer cells are collected into a 
centrifuge tube through a collection port.
Nikolic-Jaric et al. (2013) present a DEP cytometry device used to  detect early stage 
apoptosis by detecting changes in the polarisability of individual cells. The DEP force 
changes the altitude of the cells in an area where there are tw o altitude detection  
sites. D ifferent cells polarize differently and will change in altitude differently. The 
changes in altitude are detected electronically and correlated w ith the Clausius- 
Mossotti factor and so the system enables the characterisation of individual cells in
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a cell sample w ithout the need for surface markers. Results closely matched an 
Annexin V assay.
Hsiung et al. (2011) designed a microfluidic chip to perform anticancer drug 
screening in a drug perfusion microenvironment. DEP was used to  pattern the cells 
onto collagen-coated planar interdigitated ring electrodes (PIRE). This was done to  
allow for uniform cell distribution and drug perfusion. The drug concentrations 
w ere added with a cdhcentration gradient generator and an anti-crbsstalk valve and 
the cells were incubated for 24 h. Cell viability was measured by subjecting the cells 
with a dual staining method and taking bright-field images from which viability was 
estimated by a manual count. Results were compared to  MTT assay, in which cells 
are plated in standard 96 well plates, and found to  obtain similar IC50 values, w ith  
the added benefit that their method required a third of the cells needed for MTT  
assay.
A capillary dielectrophoretic chip has been presented by Liao et al. (2013) for real 
tim e blood cell separation which can be used for point-of-care diagnostics. 
Separation efficiencies reached 90% in 30s upon application of the separation  
voltage. The result was obtained using negative dielectrophoresis w ith a drop of 
whole blood (1  iil).
2.4.4A. Other applications
3D cell aggregations, or tissue engineering, w ith electric fields has also been
investigated. Sebastian et al. (2007) looked into the different forms mammalian cell
aggregations take using positive dielectrophoresis in interdigitated, oppositely
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castellated electrodes, as a function of fluid flow  and the field gradient. Something 
patients suffering from diseases that affect bone m arrow could benefit from in the  
future is 3D aggregation with DEP to produce a hematon; an aggregate of blood 
producing cells vital in the function of bone marrow. In order for a hematon to be 
created a microenvironment is needed within the cell aggregate that will allow  
hematopic stem cell maintenance, renewal and differentiation. M arkx et al. (2009) 
have taken the first step towards the fabrication of hematopoietic stem cell— —  — ..   - . - — - .. — — ..........    _     _ I .__ _ . . . .
microniches in vitro with DEP by creating tissue up to 100 microns in height. They 
used positive DEP to create heniispherical cell aggregates with distributions of cells 
like a hematon.
Other techniques for creating 3D living cell arrays involve the use of hydrogels. 
Albrecht et al. (2005) describe tw o independent methods for creating living cell 
arrays. One method involved 'photopatterning' to  selectively crosslink hydrogel 
microstructures encapsulating living cells. The second method involves 
'electropatterning', using a DEP force to place cells in the prepolymer solution 
before crosslinking.
Another application of dielectrophoresis is that of Kim et al. (2004) who used DEP 
with abrasive particles as a surface finishing technique for polishing local areas of 
three-dimensional (3-D) surfaces.
2.4.5. Electrode geometries
W hen dielectrophoresis was first studied, the electrodes were made from  metal 
sheets, wires, rods and pins. Nowadays, the non uniform electric fields used for
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dielectrophoresis are created by means of electrodes which in order to reduce the  
magnitude of the voltage needed, are a few  microns in size (Washizu et al., 1994). 
Price et al. (1988) were the first to report the use of a gold microelectrode array for 
DEP characterisation of bacteria. The fabrication of microelectrode arrays has been 
made possible through techniques such as photolithography, electron beam  
patterning and laser ablation (Suehiro and Pethig, 1998). These small electrodes 
have the advantage of allowing the handling of small bioparticles, including single 
particles.
It is possible to create electric field morphologies by means of electrode geom etry  
construction, so that potential energy minima are bounded by regions of increasing 
electric field strengths. One of the simplest electrode geometries are needle-shaped 
electrodes, which consist of tw o needles pointing at each other w ith a 100 pim gap 
between the tips (Labeed et al., 2003). Cells attracted to the electrode edges are 
monitored under a microscope and quantified using a handheld tally counter. These 
electrodes have the disadvantage that negative dielectrophoresis cannot be 
quantified because the cells that are repelled from the electrodes disperse into the  
bulk solution.
Another electrode geometry used to study microparticles is an isomotive geom etry  
as seen in Figure 7a. It provides an equal force to  all points within the cross- 
sectional area along the main axis of the electrode. This geom etry is effective for 
particle manipulation with DEP but repelled particles do not collect in well defined  
areas and so separation into tw o homogeneous groups is difficult (Flughes, 2000).
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Figure 7 Electrode geometries: a) isometric, b) polynomial, c) interdigitated, d) castellated
A new polynomial geometry electrode was developed by Huang and Pethig (1991)
and Wang et al. (1993), as seen in Figure 7b, to overcome the previous limitations 
and produce a well defined non uniform electric field for negative DEP applications. 
This new geometry produced well defined differences in regions of high and low 
forces and so particles could be collected by positive and negative DEP. In this 
electrode geometry the electrical field was highest at the middle of the inter­
electrode gaps (Huang and Pethig, 1991).
For dielectrophoretic trapping and analysis the interdigitated electrode geometry, 
as seen in Figure 4c, is used with alternating electrode fingers of opposing 
polarities. The field gradient decays exponentially with the distance from  the  
electrode plane, and is inversely proportional to the characteristic electrode 
periodicity (Kakaç et al., 2010). Another approach is to castellate the edges of the 
electrodes, as seen in Figure 7d, creating well defined regions of high and low field
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gradients (Wang et al., 1993). This electrode geometry can cause cell aggregation as 
a result of positive and negative dielectrophoresis (Pethig et al., 1992).
Gascoyne et al. (2002) used a spiral electrode array of four parallel electrodes which 
were energised by a quadruture phase sinusoidal generator. In this spiral travelling 
wave DEP electrode human erythrocytes infected with malaria were separated from  
uninfected cells and focused in the centre of the spiral electrode.
Figure 8 Spiral electrode array (Gascoyne et al., 2002).
To enable higher throughput 3D electrode geometries are used. Suehiro and Pethig 
(1998) describe a 3-D grid electrode system consisting of two glass plates, on which 
the electrodes are fabricated, separated by a spacer so that the electrodes face 
each other and cross at right angles to form a grid. The system can manipulate a 
particle by positive and negative dielectrophoresis. Another 3-D system consisting 
of two layers of electrode structures separated by a spacer was described by M üller 
et al. (1999). This system allows handling and caging of individual particles. Several 
of the geometries described can be combined in a device for dielectric analysis and 
cell manipulation (Burgarella et al., 2010).
Park and Madou (2005) introduced a DEP separation chamber which was made
from two polished stainless steel wires, Polydimethylsiloxane (PDMS) and silicone.
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The wires are separated by a 250 pm stack of Scotch tape pieces. This bundle is 
places in the centre of a fluidic chamber made from PDMS and the whole structure 
is sealed using silicone. This device was used to  separate carbon nanofibres from  
canola oil. Another 3D structure of interest is the one introduced by Abidin et al. 
(2007). They used a DEP device consisting of a composite mesh made from weaving 
stainless steel w ire and flexible polyester yarn together to trap yeast cells.
Choi and Park (2005) use a trapezoidal electrode array for dielectrophoretic 
separation composed of tw o pairs of working electrodes with metallic legs in the  
shape of a trapezoid. The electrode array was fabricated on a Pyrex glass w afer 
using photolithography. The separation module was made up of 3 parts. The first 
park has a set of 100 trapezoidal electrodes used for DEP focussing. The second part 
has either 10, 20 or 30 trapezoidal electrodes for particle separation and a 
microfluidic channel. The third part is a microfluidic channel for particle 
fractionation. This chip was used to separate tw o kinds of plain polystyrene beads. 
The beads were injected into the microfluidic device and subject to  the electric 
field. The particles are dielectrophoretically focused on one sidewall and when they  
reach a trapezoidal electrode array they are separated due to  their varied 
dielectrophoretic velocities.
A novel DEP electrode arrangement was introduced by Fatoyinbo et al. (2008) in 
which the electrode geometry was composed of etched circles in one of tw o parallel 
electrodes, known as the "dot" geometry. This type of arrangement has an effective  
field penetration with well defined regions of analysis with an axisymmetrical field
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distribution. This array has proved to be effective for particle re-dispersion effects 
once the electric field is removed. This is useful for rapid serial measurements 
w ithout the need of external intervention for particle re-dispersion. This 
arrangement has been combined with an image-processing system to simply and 
rapidly determ ine particle polarisability and DEP spectrum. At the m om ent, after 10 
seconds of field exposure, high quality data can be obtained and the DEP spectrum, 
taken over five decades at five points per decade can be determ ined using one 
computer controlled signal generator w ithout any additional micro-fluidics. This 
electrode arrangement is somewhat similar to the design of Cheng et al. (1998) of 
circular electrodes on a chip. The bioelectronic chip consists of a silicon base which 
has a 5x5 arrangement of circular platinum electrodes. Other circular electrodes 
include the design presented by Gray et al. (2004) for cell trapping. Thousands of 
electrodes 3pim in diam eter were used for trapping within the bottom  of a parallel- 
plate flow chamber.
Hoettges et al. (2008) present a 3D well structure made up of layers of conducting 
and insulating film with wells drilled through the laminates. A glass slide is attached  
to  the bottom of the well to  contain the sample. This way, different wells can have 
different samples in them . Successive conductive layers of the laminate are 
connected to the tw o phases of an AC signal so that the walls of the "wells" have 
electrodes of alternate potential, like a rolled up tw o dimensional electrode array 
while the field gradient form ed along the walls moves cells by DEP (Hoettges et al., 
2008, Fatoyinbo et al., 2005). Figure 9 shows the DEP well arrangement.
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Figure 9 Cross section of the well electrodes with a schematic of the electric field.
Adapted from (Hoettges et al., 2008)
This design has the advantages of having an increased electrode area, containing a 
larger volume of sample than planar electrodes and allowing a high degree of 
parallelization. Also, each well can be energized with a different frequency allowing 
the determination of the whole DEP spectrum of a cell line at the same tim e. This 
arrangement, like the dots, has been used combined with an image-processing 
system.
2.4.6. Measurement of DEP force by light absorption
Light techniques have previously been used to  detect cell movem ent. Kaler et al.
(1986) used an Argon ion laser to measure the velocity of yeast cells in isomotive
electrodes by detecting light scattered from the cells. Price et al. (1988) m onitored
changes in the movement of the bacterium Micrococcus lysodeikticus under
inhomogeneous electric fields created by castellated electrodes. The changes in
optical absorbance where detected with a spectrophotometer. At those frequencies
where the cells are more polarisable than the medium, they move toward the areas
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of highest electric field, at the edge of the electrode. This results in an increase in 
optical absorbance in the regions close to the electrodes and decrease in optical 
absorbance elsewhere.
Both the dot and the well electrodes described previously measure the 
dielectrophoretic properties of cells through light absorption. Light absorption 
techniques for the analysis of dot and well electrodes have been developed by the 
biomedical engineering group at Surrey University since 2002. The electrodes 
containing cells are placed between a light source and a camera in order to detect 
changes in light intensity when the cells move and obtain a DEP spectrum. This 
technique doesn't require focussed images on individual cells, therefore, larger 
samples can be used in 3-D electrodes providing more accurate data (Broche et al., 
2011). The light absorption technique is based on the Beer-Lambert Law of 
absorption which relates the absorption of light to the properties of the m aterial 
through which light is travelling (Broche et al., 2011).
2.5. OPTICS/IMAGING
This section describes im portant factors to  consider when choosing cameras, lenses 
and light sources.
2.5.1. Camera
A digital camera records images projected through a lens onto an array of light 
sensitive sensors. This information is then read out and moved to another device 
for display, storage or analysis, such as a computer. The tw o principal types of 
sensors are CCD (charge coupled device) and CMOS (Complementary m e ta l-o x id e -
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semiconductor). M ore information on this can be found in Appendix A (Williamson 
and Sommerkamp; 2010).
2.5.2. Lenses
When imaging 3D objects, perspective projections and incorrect image scaling can 
be problematic and so telecentric lenses should be used. These lenses do not suffer 
from distortion, because they collimate the light that enters the lens and therefore  
give equal magnification, as seen in Figure 10. Because they collimate the light, their 
aperture needs to be the same size as the field of view (FOV).
Double sided telecentric lenses can be used in those applications where accuracy is 
im portant as they provide accurate measurements even if the image moves out of 
focus, due to their increased depth of field and therefore provide even lower 
distortion (Williamson and Sommerkamp, 2010).
entnc
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Standard lens Telecentric lens
Figure 10 Comparison of a standard and a telecentric lens, adapted from (Movimed, 
2013).
2.5.3. Illumination
There are different types of illumination that are used in vision applications.
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•  Incandescent: comes from the Latin meaning "to glow". Incandescence is 
the emission of light by a hot body due to its tem perature. This type of lamp 
has a glass enclosure containing a low-pressure noble gas used to reduce the 
evaporation of the filam ent and to reduce the required strength of the glass 
envelope. The filam ent, usually made up of tungsten wire, has an electrical 
current passed through it which heats the filam ent to  a very high 
tem perature until the electrons in the tungsten become excited and travel 
to lower energy states of the solid releasing photons in a black body 
spectrum. This spectrum is continuous; normally peaking in the visible light 
region but also has a significant amount of energy in the infra red 
wavelengths.
•  Light Emitting Diode (LED): an LED is a semiconductor material which has 
had impurities added to it, a process called doping, to  make the  
semiconductor more conductive. Doping can add free electrons to  a 
material, N (negative)-type material, or create holes in a material, P 
(positive)-type material. The LED has N-type material bonded to P-type 
material, creating a PN junction, with electrodes at each end of the diode. 
W hen there is no voltage, the electrons in the N-type side near the PN 
junction fill the holes in the P-type side which are near the PN junction, 
forming a depletion zone where charge can't flow. Connecting the N-type 
side of the diode to the positive electrode causes the electrons to be 
attracted to the positive electrode, and the holes in the P-type side are
attracted to the negative electrode, leaving a larger depletion zone.
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Connecting the N-type side of the diode to the negative electrode causes the 
electrons to be repelled away from the negative electrode and attracted to 
the positive electrode and fill the holes, the electrons drop their energy 
state and the energy is released as a photon which can be seen if its 
frequency is visible to the human eye. W hen the voltage difference between  
the electrodes is high enough, the electrons in the depletion zone are 
boosted out of the holes and charge flows across the diode. LEDs produce a 
high light intensity at a relatively low cost and have a long service life. An 
LED produces monochromatic illumination from  a point source and has low  
heat.
•  Organic Light Emitting Diode (OLED): consists of a cathode, an emissive 
organic layer, a conducting organic layer and an anode. W hen a voltage is 
applied across the OLED, the electrons in the cathode are transported to  the  
emissive layer and the anode removes electrons from the conductive layer. 
Electrons in the emissive layer fill the holes in the conducting layer and give 
up energy as light. The light intensity of the OLED depends on the am ount of 
current applied. The advantages of OLEDs are that they are thinner, lighter, 
more flexible, brighter, and less power consuming than LEDs. The main 
disadvantage at the m om ent is that manufacturing processes are expensive.
The factors that affect illumination are the angle of illumination, wavelength of 
light, light propagation and geometry, target surface properties and the lighting 
control (Williamson and Sommerkamp, 2010).
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2.5.3.1. Angle of illumination
The angle at which light hits the target (angle of illumination) determines how the 
image appears on the camera, as seen in Figure 11.
Front, bright-field, diffuse Front, on-axis, illum ination
Front lighting
Front, dark-field
m
^  Back, dark-field illum inationOnfaxis
O^ect
Backlight, collim ated, on-axis Onfaxis
(Transparent object 
w ith  embossed tex t)
^  „ ..................
Mgirt F i e i o \ ^ ^
H r Back lighting
Figure 11 Angle of Illumination. Adapted from Stemmer imaging: the imaging & vision 
handbook (Williamson and Sommerkamp, 2010)
There are two main lighting areas: front lighting and back lighting. In front lighting, 
the light and the camera are above the plane where the object lays, whereas in 
back lighting, the light source is below the plane where the object lays.
Within each lighting area there are tw o types of lighting arrangements: bright field 
and dark field. Bright field imaging involves light passing through, or reflected off, 
an object. In dark field imaging, there is a patch blocking direct light from the object 
to the lens and only scattered light enters the lens, resulting in images which show 
off the curves of translucent or transparent objects whilst the background appears 
almost black.
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In this project we are interested in having the object (the well electrodes) between  
the light source and the camera in order to detect changes in light absorbance. This 
arrangem ent is term ed bright field, back lighting. W ithin back field back lighting 
there are tw o positions for the light source. W hen it is not directly in line with the  
camera and the object, it is term ed diffuse backlight. If the object is translucid or 
transparent, internal features of the object can be seen on the image picked up by 
the camera.
When the object is placed between a collimated, on axis, light source (telecentric 
light source) and the camera, the image which appears on the camera is a distinct 
silhouette of the object. This is still the case when the object is see-through, due to  
light scatter (Williamson and Sommerkamp, 2010). This arrangem ent is ideal for use 
in the DEP well system because biological cells are see-through and the images 
captured will have better contrast.
2.5.3.2. Wavelength of light
The wavelength of light is the colour of light that illuminates the target. It is 
im portant to  consider light of all wavelengths, not just the visible spectrum. The 
human eye is most sensitive to  light of 555nm  wavelength, the eye is less sensitive 
to wavelengths longer or shorter than that, with its limits outside of 380-760nm . 
Some cameras have a w ider range of wavelengths to which they are most sensitive, 
outside the visible spectrum. Coloured illumination can also produce a good quality 
image in monochromatic applications by simplifying the vision task of the camera 
(Williamson and Sommerkamp, 2010).
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2.5.3.3. Light propagation
The kind of light used can have an impact on the resultant image. It needs to light 
the scene as evenly as possible. Collimated light has parallel light rays and is useful 
in vision applications because light reflected or scattered will produce darker areas 
in the image which can be easily detected. Diffuse light softens and diffuse light 
from a point source to create a more even illumination (Williamson and 
Sommerkamp, 2010).
2.5.3.4. Target surface considerations
If the surface of the target is reflective, then a larger and more diffuse light source 
will avoid the appearance of bright localized spots on the image. If the target 
surface scatters light in all directions, it will lead to more evenly distributed patterns 
of illumination. If the surface geom etry is angular, shadows may be produced. To 
avoid this it will need to be lit from different angles. The most difficult surface to  
light correctly is one that has an undulating shiny surface, like a ball bearing. The 
best technique for this would be advanced on-axis illumination that floods the  
entire surface with even diffuse light from all angles (Williamson and Sommerkamp, 
2010).
2.6. Conclusion
DEP has been studied for the past five decades, and there has been a significant 
increase in the number of publications in the last decade (Pethig, 2010). It has been 
used to characterize, separate and manipulate cells of different origin, such as plant 
cells, bacteria, established mammalian cell lines and primary tissue, as well as
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viruses. The effects of changes in environment and the effect of drugs on cells have 
also been studied. Most of the effort is now being directed at optimising the  
technology and the methods to  be able to  use DEP in fields such as pharmacology, 
microbiology and oncology, as a cheaper, faster and label free method for particle 
analyses.
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CHAPTER III 
OPTIMISATION OF THE DEP WELL SYSTEM
3.1. INTRODUCTION
Since new miniaturisation techniques in the semi-conductor industry appeared, the  
fabrication of channels, chambers, reactors and active components at the micron 
scale has become widespread. As a result, micro-fluidic systems for bioparticle 
manipulation have advanced. Several tools for the analysis of materials in micro­
fluidic systems are available. These include capillary electrophoresis, field-flow  
fractionation, and optical methods, based on labs on chips. Some of these tools 
require a labelling procedure to  be carried out prior to  analysis that can alter critical 
cell characteristics. DEP does not require prior labelling and so it is gaining more 
popularity in current biological and biomedical research. It has been used for cell 
characterisation (Pohl and Hawk, 1966), particle separation between dead and live 
cells (Pohl and Hawk, 1966), drug interaction assays Hübner et al. (2005), apoptosis 
detection (Chin et al., 2006) and w ater quality measurement (Hübner et al., 2003).
A DEP-well electrode system has been developed to  observe dielectrophoresis w ith a 
microarray geometry, which was first used at the University of Surrey. This design 
consists of alternating layers of conductive and insulating material with 20 holes 
drilled through them  and a glass slide attached at the bottom to contain the sample 
(Fatoyinbo et al., 2005). The radial symmetry of the wells means th at the  
polarisability of the particles can be directly related to changes in light transmission
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through the well, and quantified through the analysis of digital images (Hübner et 
al., 2005).
Prior to  this work, the light intensity changes in images were measured w ith a 
camera mounted on a microscope. One well was visualized and energized w ith a 
single channel signal generator. In order to speed up the frequency response 
analysis of a cell population and enable the near real tim e acquisition of a full DEP 
spectrum, images of 20 wells had to be captured and a 20 channel signal generator 
was needed in order to energize each well with a different frequency.
The aim of this chapter was to  investigate and optimize imaging and vision tools to  
be able to analyse 20 wells at once and contribute to  the automation of the system. 
This work was carried out while a 20 channel signal generator was being developed  
at the University of Surrey by the medical engineering team , so that the 20 wells 
could be energized simultaneously with different frequencies to  obtain a full 
spectrum simultaneously.
Different combinations of cameras, lenses and lights were tested by carrying out 
dielectrophoresis experiments with yeast, in order to find which combination gave 
the least variance between wells. This investigation formed the basis for the rapid 
DEP analyses of cells which was applied to  more specialized studies for detection of 
apoptosis and drug cytotoxicity (chapter 4 and 5).
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3.2. MATERIALS AND METHODS
3.2.1. Cell culture of yeast cells
Yeast cells were grown in Yeast extract-peptone-glucose (YPD) broth (Sigma-Aldrich, 
UK). This consists of 5% (w /v) YPD broth in deionised water. This mixture was placed 
in a centrifuge tube and autoclaved. A small amount of yeast was added to the  
centrifuge tube and stored in an incubator at 37°C overnight.
In order to avoid other microorganisms growing alongside the yeast, streaking was 
used. Streaking is a technique used in microbiology, to isolate different species.
YPD Agar, comprising 5% YPD broth and 1% Agar, was made in deionised w ater, and 
autoclaved. Before the mixture had cooled down and solidified, it was poured in a 
petri-dish and stored in the fridge for 2 hours. A platinum inoculation hoop was 
dipped into the yeast in YPD broth and was used to streak the agar plate. This was 
done in a zigzag pattern. The loop was sterilized again and by dragging some of the  
yeast in the zigzag pattern, a new zigzag pattern was made. This was repeated until 
the agar had been covered as seen in Figure 12.
Figure 12 Top view of petri dish with streaking of yeast on YPD Agar.
This petri-dish, containing the streaked yeast, was incubated for 24 hours so that
yeast colonies reproduced. After the 24 h it was kept at 5°C for up to 2 weeks. To
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grow yeast, the hoop was sterilized, yeast was picked up from a colony from  the last 
inoculation and the loop was dipped into autoclaved YPD broth. This was incubated 
overnight at 37°C.
3.2.2. Cell culture of K562 cells
Human chronic myelogenous leukaemia (K562) cells were cultivated in modified 
RPMI-1640 medium supplemented with 10% heat inactivated foetal bovine serum 
(FBS; Invitrogen, UK), 2m M  L-Glutamine and 1% penicillin-streptomycin (Sigma- 
Aldrich, UK). The cells were grown in T75 flasks in a standard cell culture incubator 
at 5% CO2 95% humidified air at 37“C and subcultured every 48 h.
3.2.3. Red Blood Cells
Red blood cells (RBC) of the type A1 (Lome Laboratories, Reading, UK) w ere stored 
at 5 “C.
3.2.4. Cell count and viability test
20pl of cell sample was mixed thoroughly with the same quantity of trypan blue in 
order to carry out the cell count and viability test at the same tim e. The cell 
suspension was transferred immediately using a pipettor. The pipette tip  was 
placed on the edge of the hem acytom eter chamber; the suspension was expelled 
and drawn under the cover slip by capillarity. The chamber was not overfilled nor 
underfilled, to ensure its dimensions would not change, due to  alterations in the  
surface tension; the fluid ran only to the edges of the grooves. The remaining cell 
suspension was mixed by pipetting up and down. The pipettor was reloaded and 
the second chamber was filled. The slide was transferred to the microscope stage
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and the stage was moved to focus the grid in the chamber as seen Figure 13. The 
cells lying within the area shown in Figure 13 were counted, using the subdivisions 
and single grid lines as an aid for counting. Only the cells that lay on the top and left 
hand lines on each square were counted but not those on the bottom or right hand 
lines, to avoid counting cells twice. Four 1 mm^ areas were counted and averaged 
out. The grid surface is 0.1 mm below the cover slip and so the volume for one of 
those areas is 0.1 mm^. In the case that the concentrations were high, five 0.4 mm^ 
areas were counted and averaged out, highlighted in red in Figure 13. Once this was 
done, the hem acytom eter was moved to focus on the second chamber and a new  
cell count was carried out.
1.0 mm 1.0 mm
•  C
-o-
1.0 mmOo-
1.0 mm
-P- 1.0 mm
OO
Dead Live
Figure 13 Hemacytometer grid. Blue dots represent dead cells, white dots live cells, red 
lines show the area counted when very high concentrations are being used.
To calculate the average of the two chamber counts and find out the concentration
of the sample the following formula was used:
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nxtrypan  blue dilution factor , m m \
C = ------------------------    J------------- X l O M --------— ) [8 ]
v(m m  ) ml
W here c is the cell concentration (cells/ml), n is the number of cells counted, and v
is the volume counted (mm^).
Cells that are dead lose their membrane integrity; therefore, trypan blue can 
penetrate the cell, resulting in the cell appearing blue under the microscope as seen 
in Figure 13. The ratio of dead to  live cells was calculated to determ ine the viability. 
To calculate approximately the percentage of viability the following equation was 
used:
Viable cells ^  ^ Viability % [9]
Total cells
3.2.5. Yeast cell preparation for DEP experiments
Isotonic medium was used to suspend the cells for dielectrophoresis experiments. 
This medium consisted of 280 m M  D-M annitol (Sigma-Aldrich, UK) in deionised 
w ater. PBS (Sigma-Aldrich, UK) was added to the solution in order to achieve a 
conductivity of lOm S/m  which was verified with a Jenway 470 conductivity m eter 
(Bibby Scientific, UK). Preparations were carried out at room tem perature (22 ± 
1°C).
Cells were centrifuged at 1500 rpm for 3 minutes to form a pellet. The supernatant 
was removed and the cells were resuspended in conductivity medium. The cells 
were twice pelleted by centrifugation in order to  remove any excess m edium. The 
cells were finally resuspended in the required amount of conductivity medium, to
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make up the desired concentration of 10^ cells per ml in readiness for the  
dielectrophoresis experiment.
3.2.6. K562 cell preparation for DEP experiments
K562 cells were centrifuged at room tem perature at 1200 rpm for 6 minutes. The 
supernatant was removed and the pellets were resuspended in isotonic medium  
consisting of 8.5% (w /v) sucrose, 0.5% (w /v) dextrose. The cells were twice pelleted 
by centrifugation in order to remove any medium excess. The cells were finally 
resuspended in the required am ount of DEP medium. The final cell population was 
counted using a haem ocytom eter and adjusted for DEP measurements to 1.15 x 10® 
(±15%) cells per ml.
3.2.7. Red Blood cell preparation for DEP experiments
The cells were centrifuged at 1400 rpm for 5 min and the pellets were washed and 
resuspended in medium consisting of 280 m M  D-Mannitol. The conductivity was 
adjusted to  10 mS/m by adding small amounts of phosphate-buffered saline. The 
cells were twice pelleted by centrifugation in order to  remove any medium excess. 
The cells were finally resuspended in the required am ount of conductivity medium. 
The final cell population was counted using a haem ocytom eter and adjusted for 
DEP measurements to 1.15 x 10^ (±15%) cells per ml.
3.2.8. DEP experiment set-up and method
The experiments consisted of trying different combinations of cameras, light 
sources and lenses in order to determ ine which combination gives the best results. 
Two arrangements were investigated. Upright orientations had the camera and lens
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above the chip and light source underneath it. The inverted orientation had the  
camera and lens underneath the chip. Table 1 shows the combinations used in each 
set-up.
Table 1 Description of camera, lens & light source combinations for the different set-ups.
Set-up Camera Lens Light Source Orientation
1 Logitech Telecentric LED Collimated Upright
2 Logitech Telecentric LED Collimated Inverted
3 ■ --- —..........  ■ -as set-up 2 but light source closer to the chip-
4 Chameleon Telecentric LED Collimated Upright
5 Chameleon Telecentric Lumiblade Upright
6 Chameleon Bi-telecentric LED diffused Upright
7 Chameleon Bi-telecentric LED Collimated Upright
8 Chameleon Bi-telecentric Lumiblade Upright
9 -as set-up 8 but with a capacitor across the Lumiblade-
10 Chameleon Bi-telecentric Collimated illuminator Upright
11 Chameleon Bi-telecentric LTG5AP LED collimated Upright
The instruments used to  carry out the experim ent are: a DEP-well chip, a camera, a 
lens, a light, a Digimess FGIOO function generator, an ISO TECH IPS2250 Triple 
output power supply for the light source, an Arduino Duemilanuove 
microprocessor, and an ACER com puter running MatLab (Cambridge, UK), as can be 
seen in Figure 14. The figure shows an upright arrangement. The difference  
between upright or inverted arrangement was investigated because, although 
sample loading is easier in an upright arrangement, an inverted orientation could 
elim inate the need for a cover slide.
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Figure 14 Diagram of experiment set-up (upright orientation).
3.2.8.1, Filling of the DEP well chip
Previously, a 20 well chip had individual, isolated wells. In order to perform  
experiments, only one well needed to be filled as only one well could be imaged 
and energized at a tim e. W ith the implementation of the camera, lens and light 
source system, 20 wells can be visualized at once. The design of the chip, with  
independent wells, was changed as filling individual wells is a tedious process and 
the formation of bubbles is often an issue. For the new system, the DEP well chips 
have a ''pool" underneath the 20 wells. This is formed using a 200 pm-thick gasket 
between the wells and the base, which means that injecting sample in one well 
reaches all of the wells. The electrode wells used for the experiments were 0.8 mm  
in diameter.
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A syringe was used to pump approximately 50 pi of cell suspension onto the wells. A 
cover slide was placed on top of the wells to avoid the presence of menisci which 
reflects the collimated light in and out of the field of view of the lens, as seen in 
Figure 15, which results in the image being distorted and the appearance of dark 
areas on the image, as seen in Figure 16.
light rays shining on the meniscus
Reflected 
rays scatter 
in all
directions
DEP-Well Chip
Figure 15 Drawing of the collimated Figure 16 Example of what the camera captures
light (upright) reflected off the 
uneven surface.
when there is a meniscus.
3.2.8.2. Optics combination experiments
Out of the 20 wells in the chip, four wells were energized simultaneously with the  
same signal in order to validate that the wells behave similarly. Frequency sweeps 
ranging between 1 kHz to 20 MHz at 3 points per decade were performed on cell 
densities of 10^ cells/ml, with applied voltage of 10 Vp.p. A preview image was taken 
before the field was applied in order to be able to measure changes in light 
intensity. Preview images for each set-up can be found in Appendix B. The field was 
applied for 2 minutes with images being captured every 2 seconds. After a whole 
frequency sweep was carried out, the images were processed in MatLab, and the
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spectra were plotted. This was done with a MatLab programme which calculated 
the light intensity change in the images over tim e for each well. Each well was 
divided into concentric bands as seen in Figure 17. Band 1 is the band at the centre 
of the well and band 11 is around the electrode edge. Bands 10 and 11 usually do 
not experience much change as the programme tends to over-estimate the size of 
the well.
I  30
9
Figure 17 An example of the concentric bands used to divide the well for image analysis. 
Each experim ent with each set-up was repeated a minimum of 6 times in order to  
be able to  perform statistical analysis.
3.2.8.3. Cameras
The first camera used was a Logitech QuickCam Pro 4000. This is a web cam which 
has a still image resolution of 1280 x 960. It has a CCD sensor which has a capacitor 
array onto which the image is projected; each capacitor accumulates an electric 
charge proportional to the light intensity at that point. A control circuit makes each
64
Ruth Torcal Serrano Chapter III: Optimisation o f the DEP well system
capacitor transfer its contents to  its neighbour and the last capacitor releases its 
charge into a charge amplifier that converts the charge into a voltage. This process 
is repeated so that the control circuit converts the contents of the array into 
voltages which are then sampled, digitized and stored. The second camera was a 
Chameleon™ 1.3 MP CCD USB 2.0 from Point Grey. This is a monochrome digital 
video camera with a maximum fram e rate of 1296 x 964 at 18 frames per second, a
pixel size of 3.75 pm x 3.75 pm and a transfer rate of 480 M bit/s.
3.2.8.4. Lenses
The first lens used was a telecentric lens with a magnification ratio of 1:0.36. The 
second lens was a bi-telecentric lens for detectors up to from  Opto-Engineering, 
with a working distance of 45.3 mm, an F-number of 8, a modulation transfer 
function (MTF) of 70 Ip/m m , less than 0.08% distortion, field depth of 5m m  and a C- 
mount, and a magnification ratio of 1:0.385.
3.2.8.5. Illumination
Four different lights were tested:
•  Homebuilt light using a 1 W  white LED
•  Philips Lumiblade: up to 25 Im /W , 15,000 hours lifetim e at 50% initial 
brightness, 1.8 mm thin, energy efficiencies of up to 140 lu m /W
•  Opto-engineering collimated illuminator. Beam diam eter 20 mm
•  LTG5AP True Green LED from OSRAM with a 50 mm planoconvex lens to
collimate. Wavelength 527 nm (true green). Optical efficiency 70 Im /W .
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3.2.9. DEP well electrodes filling optimisation
The DEP well electrode chip has a glass base bonded to it, in order to retain the cell 
sample for analysis. The filling of the DEP well electrodes is difficult and tim e  
consuming due to the frequent form ation of bubbles in the wells. The use of 
surfactants and different DEP well electrode base materials could potentially help 
with the filling of the wells by reducing surface tension and therefore bubble 
formation.
The objectives of this study are:
• To determ ine w hether using surfactants helps with the filling o f the  
electrodes and w hether it affects cell viability. For this, tw o non toxic surfactants 
are used, Pluronic F127 and Pluronic F6 8 , in three different concentrations of 1%, 
0 .1 % and 0 .0 1 %, and the number of bubbles form ed when filling the wells noted  
down. The viability of the cells was calculated after being suspended in DEP medium  
for 30 min.
• To determ ine which DEP well electrode base material worked best, glass or 
plastic, when filling the well electrodes. For this, tw o kinds of plastic and a glass 
slide were used. 10 pi drops o f DEP medium were placed on the surface o f the clear 
materials and pictures were taken in order to see the surface tension of the fluid on 
the material.
A 10% (w /v) Pluronic F127 stock solution was prepared in Dl water. Further stock
solutions of 0.01%, 0.1% and 1% were made from it by diluting in DEP m edium . The
same process was applied to the Pluronic F6 8 . PBS (Sigma-Aldrich, UK) was added to
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the solution, after the Pluronic was added, in order to achieve a conductivity of 10 
mS/m which was verified with a Jenway 470 conductivity m eter (Bibby Scientific, 
UK). Preparations were carried out at room tem perature (22 ± 1°C).
3.2.10. Well size study
A study on the effect of well electrode size on the spectra of different sized cells 
was carried out. RBC (3 pm radius) and K562 cells (8 pm radius) were used in 7 
different well electrode sizes: 0.4, 0.6, 0 .8 ,1 ,1 .2 ,1 .4  and 1.6 mm.
Cells were prepared for experiments as explained in section 3.2.5. Special DEP well 
electrode chips with different sizes were used as seen in Figure 18.
0.6mm 0.4mm
1.2mm 1.4mm
0.8mm
Figure 18 Image of the different well electrode sizes.
Only one well of each electrode size was energized: Wells 1, 5, 6 , 9, 11, 16 and 20. 
The wells were energized as described in section 3.2.8.
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3.3. RESULTS AND DISCUSSION
3.3.1. Filling ofDEP well chip optimisation
Different concentrations of tw o kinds of non-toxic surfactants were tested on three  
substrates, tw o of which were plastic and one was glass. Yeast cells w ere suspended 
in the different solutions and a viability test was carried out 30 min after the final 
concentration adjustment to 10^ cells/ml. The cells all had viabilities above 97%, 
which further confirms that the surfactants had non toxic effects on the cells.
As can be seen in Table 2, the glass substrate reduced the surface tension greatly. 
The images show a 10 pi drop of solution placed on the substrates. There was no 
visual difference between the tw o plastic materials, or between the different 
solutions when placed on the plastic materials. The use of surfactants on the  
different materials did not make as significant a change as the choice of glass or 
plastic made. Furthermore, the use of surfactants at concentrations above 0.01%  
resulted in the creation of foam bubbles when the cells were suspended in 
surfactant DEP media. Filling the chips with cells suspended in the d ifferent 
solutions was not possible on the plastic base chips. The solution was not able to  
flow  through the "pool" and the solution would overflow the well in which the  
solution was being injected.
On the glass base chips, the solution was able to flow  in freely and the appearance 
of bubbles blocking a well was limited. No real difference was detected when filling 
the chips with different solutions except those that were higher than 0 .0 1 % which
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showed the appearance of foam bubbles, which were more abundant in the F127 
sample.
Table 2 Comparison of the use of different surfactants, surfactant concentrations and 
different base materials on surface tension effects (solutions do not contain cells; 10 pi 
used).
Glass
Polyester film  
(NLP10635) Polycarbonate
DEP M edium [€> •
DEP M edium  
w ith  0.01%  F127 • p
DEP M edium  
w ith  0.1% F127 •
DEP M edium  
w ith  1% F127 •
DEP M edium  
w ith  0.01%  F68 o <• (• ■' ■■
DEP M edium  
w ith  0.1% F6 8 e •  i
'
DEP M edium  
w ith  1% F6 8 9 O i1 1 ”
The purpose of these experiments was to find a method of filling the well electrode 
chips that does not result in bubble formation and is easy to im plem ent. Three
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different base materials were tested; tw o plastic and one glass. Seven different 
solutions were tested; standard DEP media, and DEP media with 3 different 
concentrations of tw o kinds of non-toxic surfactants.
No differences were detected in viability between the standard DEP media and DEP 
media with different concentrations of surfactants, which confirms their non­
toxicity. There was no drastic difference in the ease of well filling between the  
different concentrations of surfactants as compared to the  standard DEP medium. A 
major difference was detected when using glass as opposed to  plastic bases. Using a 
plastic base did not allow the insertion of the cell suspension into the wells, due to  
surface tension. This was noticed after placing a drop of the solution onto the  
substrate.
For easy well filling, glass must be used, as it reduces surface tension and enables 
quick filling of the chips. The use of surfactants did not aid nor impede the easy 
filling of the wells, therefore, their addition to  the DEP well media is not necessary.
3.3.2. Imaging system optimization
DEP optimisation experiments were carried out with different set-ups, consisting of 
a camera, lens and light combination.
3.3.2.I. Spectrum plots
The dielectrophoretic force was measured by monitoring the change in light
intensity in the wells over tim e. An image was taken before the electric field was
applied and every 2 seconds after that. W hen the electric field was applied, the cells
experienced negative or positive DEP, depending on the frequency o f the electric
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field applied. The change in light intensity over tim e, for each of the bands the well 
is divided into, was plotted for frequencies at which the cells experience negative or 
positive DEP. In positive DEP the cells are attracted to the edges of the electrodes, 
resulting in an increase in optical absorbance near the electrode edge. In negative 
DEP the cells are repelled from  the edges of the electrodes, resulting in a decrease 
in optical absorbance near the electrode edge. The change in optical absorbance in 
each band was different, for both negative and positive DEP, with bands near the  
electrode edge experiencing the most change. Bands 10 and 11 (Figure 17) did not 
always experience a notable change, due to the tendency of the programme to  
over-estimate the well size. Bands 6-9 experienced the most change and so they  
were used to quantify the DEP force in the data analysis. The average change in 
light intensity in bands 6-9 reached a plateau after 40 s. Therefore, only the first 40  
s were analysed to obtain the DEP spectra.
Each experiment involved a frequency sweep between 1 kHz to 20 MHz at 3 points 
4:- pg r"^  deca d e . f  o u r we I Is we re erfe rgi ze d with the same- signal simultaneously.
Experiments within a set-up were repeated at least 6  times and the results 
averaged. To average the dielectric spectra, the light intensity change values at each 
frequency were averaged. All the experiments in a set-up were plotted in one graph 
of change in light intensity against frequency, to  get an overview of the DEP 
response, as seen in Figure 19. This type of figure can be found for all set-ups in 
APPENDIX B. By looking at the spectra from the different set-ups it can be seen that 
some optics have reduced the noise and others increased it.
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Set-up 1
Î I i: i I
*  Average experiment
10"  10 10 '
 - ..... . - .....—   ..........  . .............. - ......... - ,Log FrecjLiency [Hz] . —......., ------------------_ —  -
Figure 19 Average DEP responses of the 4 wells In 6 experiments using set-up 1, with their 
standard deviations.
3.3.2.2. Standard deviations
The next step taken was to  calculate the standard deviations between the wells for 
each frequency in each experim ent with a given set-up. This was done to determ ine  
the repeatability of results for each set-up. The average standard deviations for 
each set-up are shown in Table 3, the full results can be found in Table 26 in 
Appendix C. Set-up 9 showed the lowest standard deviation followed by set-up 11. 
Set-up 3 gave the highest deviations followed by 5.
Four wells were energized with the same frequency simultaneously in order to  
validate that the wells behave the same for when the 2 0  channel signal generator is 
implemented and each well is energized with a different frequency. To determ ine if 
one well was consistently giving systematic errors the standard deviations fo r each 
frequency in all experiments in a set-up were calculated. The full results can be 
found in Table 27 in Appendix C, for the average results please refer to  Table 3. Set­
up 11 gave the lowest standard deviations followed by set-up 9. Set-up 5 gave the
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highest standard deviations followed by set-up 2. Looking at the results it can be 
seen that the wells behave very similar to each other for all the set-ups. This means 
that energizing each well with a different frequency will give consistent results.
3.3.2.3. Average and model spectra
An average was calculated of all yeast spectra using MatLab and a model was also 
plotted and scaled to the average spectrum 1:1.45 as seen in Figure 20. The model 
was plotted using a two-shell model with the following characteristics, which closely 
match the values found in the literature (Huang et al., 1992, Hoettges et al., 2008):
•  Cell radius: 4 qm.
•  Cytoplasm: Conductivity: 0.3 S/m; Relative permittivity: 50.
•  Mem brane: Thickness: 8 nm; Conductivity: 20 pS/m; relative permittivity: 6 .
•  Cell wall: Thickness: 0.22 pm; Conductivity: 14 mS/m; Relative permittivity: 60.
•  Medium: Conductivity: 10 mS/m; Relative permittivity: 78.
Average of all spectra against two-shell yeast model
0 2
- 0.2
,5 ,63 71010 1010 10
Frequency [Hz]
Figure 20 Average of all spectra (11 set-ups, total of 77 experiments) with the two shell 
model.
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The following step was to calculate the correlation coefficients, root mean squared 
(RMS) error and the average relative error percentage, of each experim ent and the  
model. The relative error percentage is calculated by dividing the absolute error by 
the exact value; the difference between the experimental and the model values 
divided by the model value. The relative error gives an .indication .of how big the  
error is compared to the model value. Table 3 shows all the values for the
correlation coefficients and errors. The average relative error is expressed as a' • ' ■ —   : • • -•      —   - •    ^ - ■    -  . . .- -  • .    .  .................
percentage. Values close to  0 indicate that the error is not very big compared to the  
model value; values just over or just under 1 0 0 % indicate that the errors are very 
big. A value of Pearson Correlation Coefficient above 0.90 shows good correlation.
Table 3 Table of correlation coefficients and RMS errors table. The best values for each 
category are underlined.
Set­
up
Pearson
Correlation
Coefficient
RMS error 
spectrum
Average 
relative error 
(%)
Mean standard 
deviation 
between 
experiments
Mean standard 
deviation 
between the 
wells
1 0.9837 0.0174 57.3 0.0991 0.2166
2 0.9746 0.0766 219.4 0.1286 0.3291
3 0.9854 0.0535 200.5 0.1361 0.2374
4 0.9719 0.0326 87.9 0.093 N/A
5 0.8867 0.1225 219.5 0.1314 0.3346
6 0.9566 0.0362 71.5 0.1083 0.2298
7 0.9824 0.0180 56.5 0.0919 0.1799
8 0.9766 0.0935 0.2187
9 0.9791 0.0206 89.0 0.0572 0.1764
10 0.9739 0.0224 23.9 0.1080 0.1953
11 0.9698 0.0283 L I 0.0705 0.1658
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Set-up 3 has the best correlation coefficient followed by set-up 1. Set-up 5 has the  
worst correlation coefficient followed by set-up 6 . Figure 21 shows a graphic 
representation of Table 3.
Analysis of set ups
2.2
1.6
1.4
1.2
0.6
0.4
0.2
Set up num ber
■  Pearson correlation coefficient
■  Average relative error (0 to 1)
■  Mean standard deviation between the wells
■ RMS error spectrum
■  Mean standard deviation between exps
Figure 21 Graphic view of Table 3.
3.3.2.4. Upright vs. Inverted
To find out w hether an upright set-up is better than an inverted one, set-up 1, 2 and 
3 were compared, as seen in Figure 22. Set-up 1 was upright, with the light source 
underneath the chip and the camera with the lens was placed above the chip. Set­
up 2 was an inverted version of set-up 1. An inverted set-up would elim inate the  
need of using a cover slide to  get rid of the meniscus. The results from set-up 2 
were not as good as set-up 1. This was mostly due to the fact that the light was 
placed further from the chip in order to have ample space for loading the sample 
onto the chip. Set-up 3 had the same set-up as 2 but the light source was brought
closer to the chip in order to have the same distance from the chip as set-up 1 .
75
Ruth Torcal Serrano Chapter III: Optimisation o f the DEP well system
Results obtained with set-up 1 and 3 are compared in Figure 22. Although the 
Pearson's correlation coefficient was very similar between set-up 1 and 3, the RMS 
error and the average relative error for set-up 3 were three times bigger than set­
up 1. The standard deviation between experiments and the mean standard 
deviation between the wells in set-up 1 were lower in set-up 3. For those reasons 
the upright set-up was selected for the remainder of the experiments.
Upright vs. Inverted
Pearson
correlation
coefficient
RMS error Average relative Mean standard Mean standard 
spectrum error (0 t o i )  deviation deviation
between between the
Upright set up ■  Inverted set up experiments wells
Figure 22 Upright vs. Inverted (set-up 1 vs. set-up 3)
3.3.2.5. Logitech vs. Chameleon
Set-up 4 was the same as set-up 1 except it used the chameleon camera. This 
camera showed clearer images as can be seen by comparing Figure 23 and Figure 
24.
Figure 23 Well viewed by the Logitech 
camera
Figure 24 Well viewed by the Chameleon 
camera
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However, the Pearson Correlation Coefficient for set-up 4 was slightly lower than  
for set-up 1 and set-up 4's RMS error spectrum was slightly higher than set-up 1. 
The mean standard deviation between experiments was lower for set-up 4.
Logitech vs. Chameleon
1
0.8
0.6
0.4
0.2
0
#
I I I
Pearson RMS error Average relative Mean standard Mean standard
correlation spectrum error (0 t o i )  deviation deviation
coefficient between between the
H Logitech B Chameleon experiments wells
Figure 25 Logitech vs. Chameleon (set-up 1 vs. set-up 4)
3.3.2.6. Telecentric vs. Bi-telecentric
The effect of having a bi-telecentric lens as opposed to  a telecentric lens can be 
observed by comparing set-up 5 (Chameleon camera, telecentric lens and 
Lumiblade) with set-up 8  (Chameleon camera, bi-telecentric lens and Lumiblade), as 
seen in Figure 26, and also by comparing set-up 4 (Chameleon camera, telecentric  
lens and LED collimated) with set-up 7 (Chameleon camera, bi-telecentric lens and 
LED collimated), as seen in Figure 27.
Set-up 7 and 8  showed higher Pearson Correlation Coefficients than set-up 4 and 8
respectively. The RMS error spectrum and average relative error values for set-up 7
and 8  were also lower than set-ups 4 and 5 respectively. The mean standard
deviation between experiments and mean standard deviation between the wells
was also lower for set-up 7 and 8 than set-up 4 and 5 respectively.
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Telecentric vs. Bi-telecentric (Lumiblade)
2.5 
2
1.5 
1
0.5
0 __________ ------------------ :----------- BM KM M L —ra—r - q ............. i i i i w L J ,
Pearson
correlation
coefficient
RMS error Average relative Mean standard Mean standard 
spectrum error (0 to 1) deviation deviation
between between the wells 
experiments
H Telecentric lens #  Bi-telecentric lens
Figure 26 Telecentric vs. Bi-telecentric lens using Lumiblade light source (set-up 5 vs. set­
up 8 )
Telecentric vs. Bi-telecentric (LED 
 collimated)----------------
0.8
0.6
0.4
0.2
Pearson RMS error Average relative Mean standard Mean standard
correlation spectrum error (0 to 1) deviation deviation
coefficient between between the
experiments wells
■  Telecentric lens m Bi-telecentric lens
Figure 27 Telecentric vs. Bi-telecentric lens using LED Collimated light source (set-up 4 vs. 
set-up 7)
All these measurements show that the bi-telecentric lens has made improvements 
over the telecentric lens. The results also show that combining the bi-telecentric  
lens with the chameleon camera (set-up 7) gives slightly lower average relative 
error, mean standard deviations between experiments and mean standard 
deviations between the wells than combining the Logitech camera w ith the  
telecentric lens (set-up 1) as seen in Figure 28.
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Logitech+Telecentric lens vs. 
Chameleon+Bi-telecentric lens (LED 
collimated)
■
Pearson RMS error Average relative Mean standard Mean standard
correlation spectrum error (0 to 1) deviation deviation
coefficient between between the
experiments wells
■  Logitech + Telecentric lens B Chameleon + Bi-telecentric lens
Figure 28 Logitech+telecentric lens vs. Chameleon+bi-telecentric lens (set-up 1 vs. Set-up 
7).
3.3.2.7. LED diffused, LED collimated, Lumiblade with capacitor, 
collimated illuminator and LTG5AP LED 
To conclude which light source gave the best results, experiments were carried out 
with the Chameleon camera and bi-telecentric lens and different light sources. All of 
the light sources gave very similar Pearson Correlation Coefficient values (mean  
0.973) with LED diffused giving the worst value of 0.9566 and LED collimated light 
giving the best value of 0.9824. The RMS error values were very similar (mean  
0.02805) with the LED collimated light giving the lowest value of 0.0180 and the  
Lumiblade light giving the highest value of 0.0428. The average relative error was 
very different between different light sources. The mean value was 66.03%, w ith  
the worst value being 153.8% caused by the Lumiblade light and the best value 
being -1.5% caused by the LTG5AP LED Collimated light. The mean standard  
deviation between experiments for each set-up was once again very similar (mean
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0.088) with the Lumiblade light with a capacitor across it giving the lowest value of 
0.0572 and the LED diffused light giving the highest value of 0.1083. The mean 
standard deviation between the wells was very similar for all the lights (mean 
0.1943) with the LTG5AP LED collimated light giving the lowest value of 0.1658 and 
the LED diffused light giving the worst value of 0.2298.
All the lights gave similar performances as seen in Figure 29. However, the light 
source with the best values across the different parameters is the LTG5AP LED 
Collimated light.
Light source comparison
I
Pearson
correlation
coefficient
LED diffused
RMS error Average relative Mean standard Mean standard
spectrum error (0 to 1)
■  LED collimated
LIumiblade with capacitor ■  Collimated illuminator
deviation deviation
between between the wells 
experiments
■ LIumiblade
■  LTG5AP LED Collimated
Figure 29 Light source comparison (set-up 6 , 7, 8 , 9 ,10  and 11)
It can be seen that although the LTG5AP LED Collimated light (set-up 11) does not 
offer the highest Pearson Correlation Coefficient it is very close to the highest
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Pearson Correlation Coefficient value and it gives comparably smaller errors than 
any other set-up and the best values across the different parameters evaluated.
3.3.3. Linear vs. Log image analysis
In order to compare w hether linear or log analysis gave a better result (reduced 
errors), six experiments were carried out with the same set-up as set-up 11. Images 
were captured every quarter of a second. The results were then processed in one of 
tw o ways. One method analysed images chosen so that the interval between them  
started off as short and then got logarithmically longer. This difference in interval 
length was thought to be of interest as most of the m ovem ent of cells, and 
therefore the light intensity change, happens soon after the electric field is switched 
on. Two logarithmic intervals were used to study the images. The other method  
used a linear interval between the images. The results can be seen in Figure 30, 
Figure 31 and Figure 32.
The four curves in each figure show the light change at different frequencies for 
each of the four wells used. The linear analysis produced similar results between  
the wells and smaller errors than the log analysis. The standard deviations between  
experiments and between wells were lower for the linear analysis than fo r  the log 
analysis as seen in Table 4.
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Log Analysis (Base 1.14)
I/Ic
Bc
Frequency [Hz]
Time range: 0-53.5s
Figure 30 Log analysis (base 1.14) of experiment with set-up 11. Time analysed 0 - 53.5 s
Log analysis (Base 1.12}
1/1
Ic
c
5
Frequency [Hz]
Time range: 0 -57 .25
Figure 31 Log analysis (base 1.12) of experiment with set-up 11. Time analysed 0 - 57.25 s
Linear analys is
Frequency [Hz]
Tim e range; 0 -57 .2 5
Figure 32 Linear analysis of experiment with set-up 11. Time analysed 0 - 57.25 s
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Table 4 Comparison of average standard deviations between experiments for the 
different analyses
Analysis type Average standard deviation betw een experim ents
Log 1.14 base 0.152274
Log 1.12 base 0.146424
Linear 0.25 s 0.131886
Linear I  s 0 .132368
Linear 2 s 0.132566
W ithin the linear analysis the standard deviations between experiments were very 
similar. The linear analysis every 0.25 s gave smaller deviations than the higher 
interval linear analysis.
3.3.4. Well size study
The DEP spectra of tw o types of cells with different sizes, RBG ~3 pm and K562 cells 
~8  pm were obtained using different DEP well electrode sizes.
The spectra for each well size were grouped and averaged for both the RBG and the  
K562 cells. The RBG's DEP response was plotted for each well electrode size as seen 
in Figure 33. Similarly, the K562 cells' DEP response was plotted for each well 
electrode size as seen in Figure 34.
The cell response for negative and positive DEP was examined. For RBG the smaller 
well sizes (<1 mm diam eter) resulted in stronger negative DEP response, whereas 
the higher well sizes showed positive DEP at the lower frequencies. For K562 cells, 
sizes above 1 mm diam eter resulted in stronger negative DEP responses, whereas 
the smaller well sizes showed positive DEP at lower frequencies.
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Figure 33 RBC dielectrophoretic response for different well electrode sizes.
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For RBC the standard deviations between experiments were smaller for the smallest 
well and higher for the largest well size, as seen in Figure 35. For K562, sizes above 
1.2 mm resulted in smaller deviations compared to the smaller well sizes, as seen in 
Figure 36.
RBC DEP response in 0.4mm electrode well radius
*  Average experiment 
' Single experiment
10 10 10 
Frequency [Hz]
RBC DEP response in 1.6mm electrode well radius
♦ Average experiment
♦ Single experiment
10 10 10 
Frequency [Hz]
Figure 35 On the left hand side are the DEP response of the RBC in the smallest well 
electrode size, on the right hand side in largest well electrode size. Each experiment was 
repeated 3 times (blue) and the average change in light intensity was calculated (red).
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Figure 36 On the left hand side are the DEP response of the K562 cells in the smallest well 
electrode size, on the right hand side in the second to largest well electrode size. Each 
experiment was repeated 3 times (blue) and the average change in light intensity was 
calculated (red).
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The results from the well size study showed that for smaller sized cells, a small well 
electrode diam eter (<1 mm) gave smaller standard deviations and showed both 
strong positive and negative responses, whereas bigger well electrode diameters 
(>1 mm) showed no negative response, which does not agree with previous studies 
(Hübner, 2010). However, in practice, a 0.4 mm well cannot be filled with a syringe 
(in this study it was possible to  fill the small wells through a bigger well, due to the  
chip having different sized wells with a shared "pool"). Wells between 0.6 and 0.8  
mm were more likely to form bubbles which were very difficult to  burst. Overall, 
bigger wells were less likely to  have air bubbles in them , and when they did, the  
bubbles were very easy to burst. For a cell size around 3 pm radius, taking DEP 
response and the filling of electrodes into account, the optimum electrode diam eter 
is 0 .8  mm.
For K562 cells, the smallest standard deviations were found in the wells above 1 
mm in diam eter. Wells with diameters above 1 mm were the easiest to fill. 
However, in practice, tw enty 1.6 mm diam eter well electrodes would not fit in the  
standard 30 mm x 20 mm DEP well chip size. For the system to be able to  be 
implemented in a machine, it is im portant that the chips are all a standard size. 
Therefore, the optimum size for a cell of around 8  pm radius is around 1.2 -1 .4  mm.
3.4. CONCLUSION
Prior to  this work, dielectrophoresis experiments were performed using light 
absorption techniques on a microscope, restricting the field o f view to  one well at a 
tim e and producing poor quality images. This work studied the use of d ifferent
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cameras, lights and lenses in order to allow the use of 2 0  wells simultaneously and 
improve the quality of the images captured. By being able to  use 20 wells 
simultaneously the acquisition of a full DEP spectrum can be obtained in seconds as 
opposed to hours and the parallélisation of experiments is possible.
The DEP well electrode chip used for cell analysis has now a shared "pool" which 
enables the filling of the 2 0  electrodes by injecting the sample through any one of 
them . The base of the chip must be made out of glass in order for the filling of the  
chip to  be made possible, as the surface tension of the cell suspension on glass is 
reduced greatly. The DEP well electrode chip can be manufactured in d ifferent sizes 
in order optimize cell results. The well size study indicates that smaller cells show a 
better DEP force in a smaller well and a bigger cell shows better DEP forces in a 
bigger well. The smallest size of the well electrode is limited by the filling o f the well 
and the inability to pop bubbles should they form . The biggest well size is lim ited by 
the space on the DEP chip. The electrode diam eter recommended for cells around 3 
pm in radius is 0 .8  mm and for cells around 8  pm in radius is 1 .2  - 1 .4  mm.
This work has improved the quality of images by using a collimated light which has 
parallel rays so anything that reflects or refracts the light will produce darker areas 
on the image which can be detected easily and enhances the images which are used 
to detect the movement of cells under DEP. The use of a bi-telecentric lens 
improved the image quality because they don't suffer from distortion or perspective 
problems. Set-up 11, overall shows the best performance as the errors are reduced. 
By looking at the performance of four wells energized at the same tim e w ith the
87
Ruth Torcal Serrano Chapter III: Optimisation o f the DEP well system
same signal, it was possible to conclude that they behave very similarly and 
consistently.
System engineering optimisation of the optics and components, as described in this 
chapter, has been implemented into the DEP well instrument for which biological 
studies can be conducted in novel assay formats. In addition, the DEP well 
instrument contains a 2 0  channel signal generator allowing the acquisition of a full 
DEP spectrum within seconds.
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CHAPTER IV  
CYTOTOXICITY TESTING
4.1. INTRODUCTION
Quantifying the effectiveness of new compounds is essential in drug discovery. This 
chapter uses the newly developed DEP well instrument in drug cytotoxicity studies. 
The DEP well instrument can determ ine the DEP spectrum of cells in 40 seconds and 
reaches higher frequencies that previously reported, therefore providing additional 
information from which the properties of the cytoplasm can be extracted.
Drug discovery is a lengthy process. First, pharmaceutical researchers have to  
understand the disease, so that they can identify the target molecule that the  
future drug can affect, and prove through extensive experiments that the target is 
involved in the disease. High throughput-screening (HTS) is a m ethod used at this 
stage which uses robotics for liquid handling so that millions of experiments can be 
carried out automatically. Results from these experiments are processed so that 
more information can be obtained about the biochemical processes involved. Once 
that step is done, then they look for a molecule that can affect their target and this 
can take years of testing before it can become a medicine. The potency of the drug 
varies depending on the type of cell used and the toxicity of the drug, therefore, the  
potency of the drug has to be measured.
In pharmacological research, the half maximal inhibitory concentration, IC50, is a
measure which indicates the concentration of a drug that is needed to inhibit a
given biological process, on a cell population, by half. For chemotherapeutic agents
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that are cytotoxic, the IC50 represents the concentration of the chemotherapeutic 
agent that is needed to inhibit cell growth by half. The cytotoxicity of a compound is 
the extent to which that compound can damage the cell and this damage is dose 
dependent. Cytotoxic compounds can cause cell death in different ways including 
necrosis and apoptosis. The cytotoxicity can be determined by incubating cells with  
range of concentrations of a drug for a period of tim e and quantifying the growth
inhibition on the cells by comparing the viability of the cells that have been induced —         •  ' ■ - • —  • - -—  . . . . . .  . _ _ _ . . .  •           _.  .................
with the drug with the viability of the healthy control. A dose response graph, which 
has a sigmoid shape, can then be plotted, as seen in Figure 37.
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Figure 37 Typical dose response curve for a cytotoxic drug.
The Hill equation (Hill, 1910) has been widely used to describe the dose response 
relationship, in the 'sigmoid Emax model', given by:
E^  _  max^ [10]
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where E is the predicted effect of the drug, Emax is the maximum effect, C is the drug 
concentration, EC50 is the drug concentration for which 50% of the maximum effect 
is obtained and a  is the Hill coefficient of sigmoidicity (Goutelle et al., 2008). For an 
inhibitory effect, values of a  are negative.
At very low doses the drug may be non-toxic. At interm ediate doses the drug may 
be toxic and at high doses it can be lethal. This is why understanding dose response 
relationships is so im portant. The effect of drug concentration should be well 
characterized in vitro to aid the development of a drug toward optimal therapeutic  
effect. There are various types of tests that can be used to determ ine the  
cytotoxicity of a drug on a cell line.
Light microscopy: The most readily available method to  test the cytotoxicity of 
drugs is the cell count with trypan blue dye on a haem ocytom eter using light 
microscopy. Viable cells have their m embrane intact and so they do not let the dye 
perm eate their membrane and appear transparent. W hen cells die, their m em brane  
loses its integrity and so the dye can reach the inside of the cell, making it appear 
blue under the microscope. A known ratio of trypan blue to cell solution is added to  
the haem ocytom eter and the number of dead cells and live cells is counted so that 
the viability of the sample can be estimated. This test can be inaccurate as when the  
cells die they can disintegrate and the debris could be overlooked. Since this 
analysis involves a subjective judgem ent by the operator, the num ber of dead cells 
can be over or under estimated. This test can be tim e consuming and is labour 
intensive.
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Fluorescent microscopy: There are several readily available fluorescent assays used 
to determ ine the viability, cytotoxicity and/or apoptosis. They work by visualisation 
of fluorescent dyes that have bound to particles that have left the m em brane- 
compromised cells, or bound to  the DNA of membrane-compromised cells 
(Freshney, 2005). The ApoTox-GloTM Triplex Assay can determ ine the mechanism 
of toxicity by measuring 3 key independent biomarkers for viability, cytotoxicity and 
apoptosis in the same sample (Promega, 2013). These assays give more detailed 
information about the cells compared to trypan blue but are more expensive and 
tim e consuming.
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny!tetrazoliumbromide (M IT) assay 
(Mosmann, 1983) is a widely used quantitative colorimetric assay used to assess the  
survival and proliferation of mammalian cells. This assay is based on the ability of 
viable cells to  reduce the water-soluble yellow salt to a water-insoluble purple 
formazan product. -
Flow cytom etry provides a rapid analysis of several parameters of individual cells 
within heterogeneous populations. It performs this analysis by passing thousands of 
cells per second past a laser beam and capturing the side and forward scatter. The 
forward scatter is measured by a detector that converts intensity into a voltage 
pulse which is proportional to cell size. The side scatter is caused by granularity and 
structural complexity in the cell which is measured by another detector. The cost of 
flow cytometry is high and a skilled operator is needed to  obtain best results 
(Freshney, 2005). Fluorescence can also be measured with flow  cytometry, enabling
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a more detailed analysis. Staining the cell sample with propidium iodide will enable 
distinction between live and dead cells. Propidium iodide will bind to the DNA of 
cells that have a ruptured membrane but not viable ones. M ore information about 
cell death mechanisms can be obtained through fluorescence detection, for 
example, adding Annexin V to a sample will cause it to bind to phosphatidylserine 
which will be on the outside membrane of apoptotic cells, indicating early apoptosis 
(Ormerod, 2000).
Impedance analysis, or dielectric spectroscopy, is a technique used to  measure 
cells' frequency-dependent perm ittivity and conductivity. Impedance analysis has 
been shown to detect the difference between live and dying or dead cells 
depending on the method of cell death used (Patel et al., 2008).
Dielectrophoresis provides a good alternative because it does not need the use o f 
chemicals to  label cells, which could affect the cell viability, allowing the cells to  be 
returned to culture or separated for further experiments. DEP is low cost and has 
the potential to measure in real tim e the dielectric properties of the sub­
populations contained in one sample. It is of interest to  determ ine how well it 
works and w hether it works for both adherent and suspension cells.
To test the application of the DEP well instrument in cytotoxicity studies,
experiments were carried out with the widely used chemotherapeutic agent
doxorubicin, on both HeLa (adherent) and Jurkat (suspension) cells. As a
comparison MTT, the gold standard in cytotoxicity studies, and trypan blue tests
were carried out. The half maximal inhibitory concentration, IC 5 0 , of the
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chemotherapeutic drug doxorubicin was determ ined using the three methods and 
compared amongst them  and the literature. The tw o cell lines, were induced with  
the chemotherapeutic agent doxorubicin to find out if DEP can work well for both 
types of cells.
Doxorubicin was chosen to  induce cell death on Jurkat and HeLa cell lines because it 
is a broadly used chemotherapeutic agent. The cytotoxicity of doxorubicin has been 
extensively studied (Georgakis et al:; 2005, Sadeghi-Aliabadi et al., 2010, Zhang et 
al., 2006, Hsu et al., 2001) providing a useful comparison with results obtained using 
the DEP well instrument.
W hen there is more than one sub-population present in a cell sample the DEP 
spectrum is the result of the addition of the DEP spectra of each sub-population in 
proportion to their presence in the sample. To understand w hat m ultiple sub­
population DEP spectra should look like, further experiments were designed with  
known mixtures of viable and doxorubicin affected HeLa and Jurkat cells using the  
DEP well instrument.
4.2. MATERIALS AND METHODS
4.2.1. Cell culture
The cells were grown in a standard cell culture incubator at 5% CO2 95% humidified  
air at 37°C.
HeLa cells were cultivated in M EM  (Modified Eagle's M edium ) w ith non-essential 
amino acids (NEAA) and Earle's salts (Biosera, UK), supplemented w ith 10% heat
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inactivated foetal bovine serum (FBS; Invitrogen, UK), 2 m M  L-Glutamine and 1% 
penicillin-streptomycin (Sigma-Aldrich, UK). The cells were grown in T175 flasks in a 
standard cell culture incubator with 5% CO2 and 95% humidified air at 37°C. The 
media was changed every 48 h and the cells were passaged using Accutase® (Sigma- 
Aldrich, UK) once the flask was around 70% confluent. Passaging adherent cells 
involved removing the media, washing the cell monolayer with PBS and then adding 
0.05 ml/cm^ Accutase® (4 ml Accutase in T75 flask) and incubating at 37°C for 6' -  .............................  ■ —    . . .  .......   —  .,   / ...............................................     w
minutes before adding the same amount of culture media in order to bring the cells 
into suspension.
Jurkat cells were cultivated in modified RPMI-1640 medium supplemented with  
10% heat inactivated foetal bovine serum (FBS; Invitrogen, UK), 2 m M  L-Glutamine 
and 1% penicillin-streptomycin (Sigma-Aldrich, UK) and subcultured every 48 h.
4.2.2. Chemical reagents
MTT (Sigma-Aldrich, UK) was dissolved in PBS at 5 m g/m l and filtered to sterilize 
and remove a small am ount of insoluble residue present in some batches of MTT.
4.2.2.1. Doxorubicin
Doxorubicin hydrochloride (Sigma-Aldrich, UK) was dissolved in sterile filtered  
distilled w ater, to achieve a 1.72 m M  stock solution, aliquoted, and kept in the  
fridge for use in cytotoxicity studies. Its chemical structure is represented in Figure 
38. Doxorubicin (also known as Adriamycin, 14-Hydroxyldaunomycin, Doxil or 
Rubex) is a chemotherapeutic drug which belongs to  the chemical group of
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anthracyclines. Anthracyclines are the most effective anticancer drugs developed 
(Weiss, 1992).
0 OH
CH3O O OH HCI
Figure 38 Chemical structure of doxorubicin hydrochloride.
Doxorubicin is a widely used anticancer drug for its broad spectrum of activity which 
includes acute leukaemia, lymphomas and a variety of tumours (Nussbaumer et al., 
2011). Doxorubicin is isolated from Streptomyces peucetlus var. caesieus by solvent 
extraction, chromatography on buffered cellulose columns, and crystallisation as 
the hydrochloride (Arcamone et al., 2000). Doxorubicin was originally named 
Adriamycin because 5. peucetlus was isolated from a soil sample collected close to  
Castel del M onte in Apulia, close to the Adriatic Sea (Arcamone, 2009). It was then  
given the generic name doxorubicin by the World Health Organization.
Doxorubicin has been used extensively to  trea t a variety of tum our diseases and is 
the first choice in the treatm ent of lymphomas, breast cancer and sarcomas (Hande, 
1998). Despite its extensive use, there is great controversy over the mechanisms of 
operation. Gewirtz (1999) summarized the many mechanisms that have been
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proposed: inhibition of DNA synthesis in the tum our cell due to DNA intercalation 
and/or inhibition of DNA polymerase activity; generation of reactive free radicals 
resulting in DNA damage or lipid peroxidation; DNA binding of doxorubicin to DNA 
leading to  DNA cross-linking; interference with DNA strand separation and DNA 
helicase; m em brane-m ediated effects; DNA damage through inhibition of 
topoisomerase II; and induction of apoptosis. Gewirtz (1999) points out th at the  
different mechanisms were" initiated at different concentration of doxorubicin, 
some of them  at much higher concentrations than would be used in clinically 
relevant drug concentrations. Submicromolar doses can induce cell differentiation; 
interference with DNA unwinding/DNA strand separation and DNA helicase may be 
seen. At drug concentrations over 2-4 pM  free radical mediated toxicity and DNA 
cross-linking may be seen. Concentrations in between are likely to cause interaction  
through topoisomerase II. Anthracyclines prevent topoisomers to reseal the DNA 
backbone after they cut the phosphate backbone of DNA in order to  untangle it, a 
process that is needed in DNA replication and transcription.
Doxorubicin, like many anticancer drugs, is non specific and so side effects such as 
hair loss and vomiting do occur. Doxorubicin can also cause dose-related cardiac 
damage which can lead to  dysrhythmia and heart failure, maybe as a result o f 
generation of free radicals (Rang and Dale, 2007). Cardiovascular cell death takes 
place through a different mechanism. Some products can be administered alongside 
doxorubicin to  reduce the cardiovascular damage and the combination might 
change doxorubicin efficacy so it has to be measured (Gharanei et al., 2013).
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Researching different types of anthracyclines is of interest in order to find one that 
has reduced side effects.
4.2.3. DEP experiments
Healthy HeLa cells attach to the flask, whereas dying cells lose their ability to  attach 
and float in the culture media. A fter treatm ent with drugs, supernatants containing 
detached apoptotic cells were transferred to  new tubes. The remaining cells were  
detached following incubation with Accutase®, as described in section 4.2.1.
Both Jurkat and HeLa cells were centrifuged at room tem perature at 1200 rpm for 6  
minutes. The supernatant was removed and the pellets were resuspended in 
isotonic medium consisting of 8.5% (w /v) sucrose, 0.5% (w /v) dextrose, 100 pM  
CaClz and 250 pM  IVIgClz. The medium conductivity was adjusted to  10 mS/m using 
PBS and the final conductivity, before use, was verified using a Jenway conductivity 
m eter (VWR Jencons, Leicestershire, UK).
The final cell population was counted using a haem ocytom eter and adjusted for
DEP measurements to 1.15 x 10® (±15%) cells/ml. The chips used had a 4 x 5 well
electrode array and each electrode was 1.2 mm in diam eter. Approximately 50 pi of
cell suspension was injected into the DEP well chip, as seen in Figure 39 , and a
cover glass was placed on top in order to  avoid the formation of a meniscus, due to
surface tension, which could interfere with the measurement of light intensity
changes. The chip was inserted into the chip holder of the DEP well instrum ent and
the door of the DEP well instrument closed, in order to  stop the laboratory lighting
from interfering with the images. The DEP well instrument was constructed
98
Ruth Torcal Serrano Chapter IV: Cytotoxicity testing
following the principles discussed in Chapter III with a multichannel signal generator 
as described by Fatoyinbo et al. (2011) which allows simultaneous energizing of the 
20  electrodes with different frequencies.
Figure 39 Left: image of the DEP well chip being loaded with a syringe in the DEP-well 
instrument holder. The chip is 30 mm x 20 mm in size. Right: Image of the DEP-well 
Instrument next to the PC running MatLab, previewing the DEP well chip.
A M at Lab.script was used to energize each electrode with different frequencies and 
record the images every 0.5 s for 40 s. Another MatLab script was also used to  
determ ine the change in light intensity over tim e for each frequency by normalising 
each image to the image captured before the wells were energized. A fter an 
experiment the sample was removed using a syringe, rinsed with DEP conductivity 
medium and removed before new sample was injected into the chip. The results 
were repeated at least 5 times, and averaged before fitting the model to the  
experimental data.
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4.2.3.1. Preparation fo r cytotoxicity tests
Jurkat cells were seeded at a density of 1x10® cells/ml, 24 h after the previous 
passage, to  ensure exponential growth. They were kept in T75 flasks in 20 ml of 
RPMI media with 0.1, 0.3, 0.5 or 1 pM  Doxorubicin.
HeLa cells were seeded at 6000 cells/cm^ in T175 flasks. Doxorubicin in M EM  at 
concentrations of 0.1, 0.5, 1 or 2 pM  was added 24 h after seeding, in order to  
ensure exponential growth.
Both types of cells were incubated with the different doses of doxorubicin for 8 , 16 
or 32 hours before the drug treatm ent was term inated and cells were prepared for 
DEP experiments as described in section 4.2.3.
4.2.3.2. Preparation of cell mixtures
To calibrate how well DEP detects different sub-populations in a homogenous 
sample, a sample of healthy Jurkat cells and a sample of Jurkat cells incubated for 
16 h with high doses (10 pM ) of doxorubicin were prepared for DEP experiments as 
described in section 4.2.3. Cells were counted using a haem ocytom eter, and the  
concentration was adjusted to 1 x 10® cells/ml. Mixtures of the healthy Jurkat cells 
sample and the sample of Jurkat cells incubated for 16 h with 10 pM  of doxorubicin 
were prepared in ratios of 1:3, 2:2 and 3:1. A viability test was carried out on each 
of the mixtures as well as on the original samples (sample o f healthy Jurkat cells and 
sample of Jurkat cells incubated with doxorubicin). The cell radii for each sample 
were also measured. The same procedure was applied to HeLa cells.
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4.2.3.3. Cell radius measurements
An aliquot of each cell sample in DEP medium was transferred onto a 
haemocytomer. Pictures of the cells dispersed over the grid part of the 
haemocytometer were taken in order to measure them with Image J software 
(National Institute of Health, Maryland, US). The scale was set by measuring the  
number of pixels across a line of the grid of known length. The cell d iam eter of cells 
was then measured by placing a horizontal line across the centre of each cell, as 
seen in Figure 40.
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Figure 40 Example of cell measurement using image J. The scale is set by measuring the 
length in pixels of one of the haemocytometer squares, 250 pm. The cell diameters are 
then measured by placing a line horizontally across them.
The cell radius was then calculated by dividing the diam eter by two. One hundred 
cells were measured for each sample. The distribution of cell size was analysed 
using statistical analysis software SPSS version 20 (SPSS Inc. Chicago, IL) and 
normality could not be confirmed.
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4.2.4. Osmolarity measurements
An Osmomat 030 (Ganotec) osm om eter (W olf Laboratories Limited, York, UK) was 
used to measure the osmolality of culture and DEP experimental medium to make 
sure there were not discrepancies that could affect the viability of the cells. The 
osmometer was calibrated with distilled w ater and a calibration solution before 
measuring samples. Three measurements were taken for each sample. RPMI1640
measured 290±1 mOsm/kg; M EM  measured 290±2 mOsm/kg; DEP medium
-  ' •• —  - -  -  —     —-    -    .    '  _     . . . .
measured 286.5±3 mOsm/kg.
4.2.5. MTT experiments
MTT was used to  titrate  cell viability following drug treatm ent, as described by 
Mosmann (1983).
4.2.5.1. MTT experiments on Jurkat cells
Doxorubicin stock solution (1.72 m M  in Dl water) was diluted in complete 
RPMI1640 in increasing concentrations (0.1, 0.3, 0.5 and 1 pM ). The cells were  
seeded at a density of 3.6x10"^ cells/ml, 24 h after the previous passage to  ensure 
exponential growth, and kept in T25 flasks in 5 ml of media with the corresponding 
concentrations of doxorubicin. MTT was used to  titra te  cell viability following drug 
treatm ent, as described by Mosmann (1983). Following the incubation for 8 , 16, 32 
and 48 hours, the cells were centrifuged, the supernatant removed and they were  
resuspended in 60 pi of MTT and 10 pi was plated per well in 6 wells (6 repeats) and 
incubated for 4 hours. Following incubation. Tétrazolium crystals were dissolved in 
100 pi of DMSO.
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The absorbance intensity was measured by a microplate reader (VERSAmax) at 570  
nm with a reference wavelength of 690 nm. Plates were read within 30 minutes of 
adding the DMSO. All experiments were performed in quadruplicate and the  
relative cell viability (%) was expressed as a percentage relative to the untreated  
control cells. The data points were fitted to  the survival curve using the Hill model 
and the IC50 was determined from it.
4.2.5.2. MTT experimehts on HeLa cells
HeLa cells were plated in culture medium in volumes of 200 pl per well at a density 
of 1.5x10"^ cells per well, in 96-well plates, 24 hours before the assay. Control wells 
containing culture media were also plated. Doxorubicin stock solution (1.72 m M  in 
Dl w ater) was diluted in complete DM EM  in increasing concentrations (0.1, 0.5, 1 
and 2 pM ). Cells were cultured for 8 , 16, 32 and 48 hours in the presence of 
increasing concentrations of doxorubicin. Controls containing culture media and a 
drug vehicle were also plated. Following the incubation, the medium was removed 
and wells were washed twice with PBS. All wells were treated with 10 pi o f 5 m g/m l 
MTT in PBS and plates were incubated at 37°C for 4 h. After incubation, the M TT  
was removed and 100 pi of DMSO was added to all wells to  dissolve the formazan  
crystals.
4.2.6. Trypan blue experiments
20 pi of cell suspension was mixed with 20 pi of trypan blue 0.4% solution in order 
to  assess cell viability. The test was performed in a haemocytometer. Cells th at are 
viable have intact membranes whereas cells that are dead will have lost their
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membrane integrity and stain blue. The number of viable and non viable cells in the 
haem ocytom eter was counted, and the viability percentage was calculated.
4.3. RESULTS AND DISCUSSION
4.3.1. Cytotoxicity studies on suspension cells
DEP can distinguish between several sub-populations with different dielectric 
properties; the DEP spectrum is made up of the individual DEP spectra of each sub­
population in a given ratio. Therefore, the percentage of the healthy sub-population 
in a sample can be monitored after incubation with different concentrations of 
cytotoxic agents. The experiments described in this section aim to determ ine  
w hether cytotoxicity can be measured for suspension cells and w hether the results 
compare to the standard cytotoxicity assay MTT.
4.3.1.1. Jurkat cytotoxicity DEP analysis
The dielectrophoretic spectrum of a large population of cells shows their average
properties and, although it cannot distinguish the properties of individual cells
within that sample, it can distinguish between several sub-populations w ith
different dielectric properties. Broche et al. (2005) developed a mathematical
method to model multiple sub-populations within a sample by adding the DEP
model values of each sub-population at each frequency. Each experim ent was
repeated at least 10 times and the average spectrum was obtained. To average the  
*.
K K W lW c W y s p e c t r a ,  the light intensity change values at each frequency were  
' - y } — "  . .
averaged.
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The healthy population of Jurkat cells was characterized using the DEP well 
instrument. The dielectric spectra for each experim ent were averaged, as seen in 
Figure 41. To average dielectric spectra the light intensity change values at each 
frequency are averaged. The error bars denote the standard deviation between the  
averaged values. The cells experience negative dielectrophoresis at frequencies 
below 30 kHz, then plateau from 200 kHz until 10 MHz. The properties of the  
healthy population of Jurkat cells fall within the ranges reported in the literature as' • ■ -■    -  —      - ".-.......  .... ^  .... I ........  .....................
seen in Table 5.
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Rvalue=0.9941; RMS Error=0.0021
Figure 41 Dielectrophoretic spectrum of Jurkat cells. It shows the average of 15 
experiments using the DEP well instrument, with the error bars giving the standard error 
between the experiments.
It was found that the drug vehicle control, sterile filtered Dl w ater, did not affect 
the dielectric properties of Jurkat cells. Thus, the changes in the dielectric 
properties of the cells after incubation with doxorubicin were due to  the influence
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of doxorubicin alone. To determ ine the toxicity of doxorubicin on Jurkat cells the 
percentage of viable cells after incubation with each concentration is needed.
Table 5 Dielectric properties of healthy Jurkat cells
DEP well 
instrument
Well electrode 
(Hübner, 2010)
Literature
Membrane capacitance 
(mF/m^)
12.17 11.4 13.24 (Pethig and Talary, 
2007)
13.5-14 (Kiesel et al., 2006)
7.1 (Sukhorukov et al., 2001) 
7.6-10 (Garner et al., 2007)
8.3 (Reuss et al., 2004)
Membrane relative 
permittivity
11 5.8 (Zhuang et al., 2010)
Membrane
conductance
(S/m^)
62.5 62.5 35 -82 (Kiesel et al., 2006) 
137 (Sukhorukov et al., 2001) 
75 (Reuss etal., 2004)
Membrane
conductivity
(pS/m)
0.5 0.5 30 (Zhuang et al., 2010)
Radius
(pm)
6.0910.902 5 5.25 (Pethig and Talary, 2007)
7.4 (Kiesel et al., 2006)
7.6 (Sukhorukov et al., 2001) 
5.18 (Garner et al., 2007)
7.4 (Reuss et al., 2004)
5.5 (Zhuang et al., 2010)
Cytoplasm relative 
permittivity
70 90 (Pethig and Talary, 2007) 
80 (Reuss et al., 2004)
60 (Zhuang et al., 2010)
Cytoplasm conductivity 
(S/m)
0.53 0.7 0.7 (Pethig and Talary, 2007) 
0.84-1.1 (Kiesel etal., 2006) 
0.25 (Garner et al., 2007) 
0.15 (Reuss et al., 2004)
0.3 (Zhuang et al., 2010)
Changes in the dielectric properties were detected after 8 h incubation with  
doxorubicin. The most notable changes happened in the 1 DOX experim ent at 8
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h; 16 h and 32 h incubation times as seen in Figure 42, Figure 43, and Figure 44, 
respectively.
After 8 h incubation with doxorubicin, tw o sub-populations with different 
membrane and cytoplasm properties are detected in the DEP spectrum for 
concentrations 0 .1 - 1  pM . One sub-population retains the properties of the healthy 
Jurkat cells whilst the other sub-population has lower m embrane capacitance and 
conductance and lower cytoplasm conductivity and relative permittivity. The 
second sub-population is believed to be affected by the drug but not dead, as the  
trypan blue test did not show that cells were necrotic.
Jurkat 8h I pM DOX
0.8
0.6
■d) 0.4
0.2
D)
- 0.2
-0.4
 model
o experimental data
- 0.8
10® 10®
Frequency (H^
Sub-Population 1 - 80%: a .=0.53S/m; a =70;
r= 5.99|Lim; d= 8nm; =62.50 S/m^; C '  =12.17 mF/m^;spec spec
Sub-Population 2 - 20%: <j =0.19S/m; a =60; 
r= 5.99^m; d= Snm; G^p^^=12.60 S/m^; C^p^^=6.64 mF/m^;
R value=0.9S54; RMS Error=0.0010
Figure 42 DEP spectrum of Jurkat cells incubated for 8 h with 1 pM DOX (average of 7
experiments; error bars show the standard error between the experiments).
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Jurkat 16h 1 i^M DOX
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D)
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 model
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= & 5 0 P '-^ -r= 5.04pm; d= 8nm; Gspec —  'S/m ': C p \= 1 2 .1 7 m F W ;
Sub-Population 2 - 70%: a =0.19S/m; g .=60; 
r= 5.04pm; d= 8nm; G„^=12.50 S/m ;^ C^  ^ ^=6.64 mF/m ;^ 
Sub-Population 3 -10%: a =0.09S/m; G^=50; 
r= 2.00pm; d= 8nm; G =1.25 S/m ;^ C =6.64 mF/m ;^
spec spec '
R value=0.9920; RMS Error=0.0014
Figure 43 DEP spectrum of Jurkat cells incubated for 16 h with 1 pM DOX (average of 7 
experiments; error bars show the standard error between the experiments).
Jurkat 32h 1pM DOX
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r= 4.90pm; d= Bnm; G =12.50 S/m^-
s =60;
Cs c=6.64 mF/m^; 
Sub-Population 3 - 8(%: a =0.09S/m; e =50; 
r= 2.00pm; d= Snm; G^p^^=1.25 S/m^; ^^=6.64 mF/m^;
R value=0.9802; RMS Error=0.0005
Figure 44 DEP spectrum of Jurkat cells incubated for 32 h with 1 pM DOX (average of 7
experiments; error bars show the standard error between the experiments).
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After 16 h incubation with doxorubicin a third sub-population, which had a small 
radius, is also present. Upon closer observation with the microscope, there were 
found to be small cell fragments of 2 pm in diameter.
The properties of the three sub-populations are summarized in Table 6 and the  
percentage of each sub-population, at the different tim e points and concentrations, 
are summarized in Table 7. M ore information about the cell properties at different 
tim e points and different concentfations, alongside their Pearson Correlation 
Coefficients, can be found in Appendix D.
Sub-population 2 shows a drop in cytoplasmic conductivity, which is associated with  
cells that are stressed or dying and releasing their ions into the surrounding 
medium. There is also a drop in the membrane capacitance from  12.17 to 6.64  
mF/m^, which indicates a reduction in cell size or cell surface complexity (ruffles, 
folds, microvilli, etc). As DEP does not measure the properties of individual cells, the  
radius given to  a sub-population can be over estimated.
Table 6 Properties of the different sub-populations in the samples of Jurkat cells 
incubated with doxorubicin
Viable Jurkat cells 
(sub-population 1)
Affected cells 
(sub-population 2)
Small fragments 
(sub-population 3)
Cytoplasmic conductivity 
(S/m)
0.53 0.19 0.09
Cytoplasmic relative 
permittivity
70 60 50
Membrane conductance 
(S/m")
62.5 12.5 1.3
Membrane capacitance 
(mF/m")
12.2 6.6 6.6
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Table 7 Sub-population distribution over time and concentration: sub-population 1 
represents healthy cells; sub-population 2 represents affected cells; sub-population 3 
represents small cell fragments.
Concentration
0.1 nM DOX 0.3 |iM DOX 0.5 |iM DOX 1 |iM DOX
Sub­
population 1 2 3 1 2 3 1 2 3 1 2 3
C
O
8 h 90 10 0 90 10 0 80 20 0 80 20 0
roJQ3
16 h 85 15 0 75 25 0 65 30 5 10 70 20
U J:' CZ 32 h 85 15 0 20 15 65 20 15 65 0 20 80
Sub-population 2 was given the same radius value as sub-population 1, which was 
obtained by measuring 100 cells under the haemocytometer. If in fact sub­
population 2 has a smaller radius than sub-population 1, the capacitance would  
appear to  have decreased. Pethig and Talary (2007) describe a drop in membrane  
capacitance in Jurkat cells as a result of etoposide-induced apoptosis, due mainly to  
a drop in cell size. They compare their results to those of Wang et al. (2002) which 
observed a reduction in membrane capacitance, from  17.5 to  9.1 mF/m^, in 
genistein-induced apoptotic HL-60 cells after 4 h. W ang et al. (1994) show Scanning 
electron micrographs of D19 cells. The untreated cells have granular surfaces, with  
microvilli and blebs. Cells that have been incubated for 3 days with hexamethylene 
bisacetamide (HMBA) appear to have lost most of the microvilli whilst retaining  
different sized blebs. Changes in the surface topology can be quantified by the  
membrane folding factor, c|)m em , which would be equal to one for a perfectly smooth  
surface and larger than one for a membrane with microvilli, blebs and folds (Wang
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et al., 1994). The value of the specific m embrane capacitance for a smooth cells is 6 
mF/m^ (Pethig and Kell, 1987). The model used in this study does not take into 
account the membrane topography parameter, cj), which is the ratio df fh^ aj;tuaT 
membrane area of the cell to  the membrane area of a perfectly smooth cell; a value 
of 1 for (J) would represent a perfectly smooth cell. Taking cj) into account, the  
healthy sub-population has a cj) of 2.02 (comparable to that found by Pethig and 
Talary (2007)) and the affected and necrotic sub-populations have a cj) of 1.1, 
indicating a reduction in surface complexity of 45%. Although apoptosis would lead 
to a reduction in surface features, the value obtained for cj) is lower than the values 
found in the literature, but could be due to the inaccurate estimation of the cell 
radii (Pethig and Talary, 2007, W ang et al., 1994). For the purpose of the cytotoxic 
calculation, the percentage of viable cells is w hat is important, therefore, although 
sub-population 2 has a capacitance that may not be accurate, it has overall 
distinguishable characteristics compared for sub-population 1.
Sub-population 3 shows a further drop in cytoplasmic electrical properties and in 
the membrane conductance, as well as in radius, and could represent a sub­
population of cell fragments, apoptotic bodies or necrotic cells as a result of 
apoptosis. Both sub-populations 2 and 3 show a reduction in m em brane  
conductance which could be due to  the cytoplasm leaking out ions and so there are 
less ions to conduct. However, it has previously been reported that necrotic and 
late apoptotic cells have very high m embrane conductance due to m em brane  
permeabilisation (Wang et al., 1994).
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Figure 45 shows the three sub-populations plotted individually. It is evident that on 
average they have distinguishable properties and different cross over frequencies.
Three populations
0.8
0.6
0.4
D> 0.2
—  population 1 
- -  population 2
- - population 3-0.4
,4 5 ,6 ,7 10^10' 10 10 10
Frequency (Hz) 
Sub-Population 1 -1 0 0 % : a  =0.53S/m ; e =70;cyt 'cyt
r= 6.00pm; d= 8nm; G =62.50 S/m ; =12.17 mP/m ;
Sub-Population 2 -1 0 0 % : a  =0.19S/m ; e =60;cyt ’ cyt ’ _
r= 6.00nm; d= 8nm; G =12.50 S/m ; C =6.64 mP/m ;^ spec spec
Sub-Population 3 -1 0 0 % : a  =0.09S/m ; s =50;
cyt 5 cyt ’ „
r= 2.00pm ;d= 8nm; G =1.25 S/m ; C =6.64 mP/m ;
3 p t j  U 3  P  ÜU
Figure 45 DEP single shell model of each sub-population demonstrating the different cross 
over frequencies.
4.3.1.2. Study of DEP Jurkat mixtures
These experiments were carried out to test how accurate the DEP system is at 
determining the ratios of cell sub-populations. A single shelled model (Irimajiri et 
al., 1979) was fitted to the average of the healthy control sample data using the  
average of the measured radii, as seen in Figure 46, with the error bars indicating 
the standard deviation between the averaged light intensity values. The same 
procedure was applied to the sample of Jurkat cells incubated with 10 pM DOX for 
16 h using the average of the measured radii, as seen in Figure 47. Both samples 
showed two sub-populations.
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Jurkat Healthy Control
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■0.5
— —  model 
o  experimental data
10^ 10°
Sut»-Popuiation 1 - 90 ^ : or =(f.4^S/m; e =60; 
r= 6.82jj.m; d= 8nm; G^„^=12.50 S/m^; ^^=9.96 mF/m^;
Sub-Population 2 -10% ; a  =0.07S/m; e^=60; 
r= 6.82pm; d= 8nm; G^p^^=12.50 S/m^; C^p^^=7.75 mF/m^;
R value=0.9963; RMS Error=0.0027
Figure 46 DEP spectrum of Jurkat cells (average of 5 experiments; the error bars show the 
standard error between the experiments).
Jurkat 16h 10pM DOX
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10° 10^ 10'
Sub-Population 3 - 50^ : o =&1 Js/m; a =80; 
r= 5.47pm; d= 8nm; G =6^5.00 S/m^; ^^=7.75 mF/m^;
Sub-Population 4 - 50%: ct =0.018S/m; e^ = 70; 
r= 0.70pm; d= 8nm; G , = 1  ^ 0 0 .0 0  S/m^; C =6.64 mF/m^;
Sp6C SpOC
R value=0.9907; RMS Error=0.0008
Figure 47 DEP spectrum of Jurkat cells exposed to 10 pM doxorubicin for 16 h (average of
5 experiments; the error bars show the standard error between the experiments).
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The healthy sample showed that 10% was made up of a sub-population w ith lower 
cytoplasmic conductivity and lower membrane capacitance. This could indicate a 
sub-population damaged in the cell sample handling. The cells that had been 
incubated for 16 h with 10 pM  DOX showed a DEP spectrum made up of tw o sub­
populations. A fter careful observation of the cells under the haemocytometer, a 
presence of cell debris was noticed. The debris was around 1.5 pm in diam eter and
so one of the sub-populations used was given that radius, adjusted to  fit the data.- • • - '  —  - - — ' -   ^  - ■ . .  — - ' - —   _    
The properties of both experiments are summarized in Table 8.
Table 8 Plotting characteristics of the Jurkat healthy control sample and the sample of 
Jurkat cells incubated with 10 pM DOX for 16 h.
Healthy Incubated with DOX
Sub-population 1 2 3 4
% 90 10 50 50
Radius (pm) 6.815
±0.874
6.815
±0.874
5.47
±1.52
0.7
Cytoplasm conductivity (S/m) 0.46 0.07 0.19 0.018
Cytoplasm relative permittivity 60 60 80 70
G.p.c(S/m") 12.5 12.5 12.5 12500
Cspee (m F/m 'l 9.96 7.75 7.75 6.64
Pearson Correlation Coefficient 0.9963 0.9907
RMS Error 0.0027 0.0008
The values for the membrane conductivity in the healthy sub-population match the  
results reported by Hübner (2010). The value of the membrane capacitance, 
although not the same, is similar. The discrepancy could be due to  an error in the  
measured radii of the cells, which are larger in this work, and so to fit the model to
114
Ruth Torcal Serrano Chapter IV: Cytotoxicity testing
the data a lower relative perm ittivity is needed, resulting in lower capacitance. The 
cytoplasmic conductivity in this study was found to be 0.42 S/m . Hübner (2010) 
reports it to be 0.7 S/m and the discrepancy can be that the study only w ent up to 
frequencies of 20 MHz as opposed to 60 MHz in this study (3 more points).
The healthy population of Jurkat cells experienced negative dielectrophoresis at 
frequencies below 40 kHz and plateaued from  200 kHz until 10 MHz. The population  
exposed to  the chemotherapeutic agent experienced negative dielectrophoresis at 
frequencies below 100 kHz, then plateaued from 300 kHz until 4 MHz. There is a 
difference in the cross over frequency between the healthy sub-population and the  
affected sub-populations. Table 8 shows that there is a difference in the radius, 
cytoplasmic conductivity, m embrane capacitance and conductance. This correlates 
with the cell dying, losing the m embrane integrity and ions leaking out.
The properties of the models used to fit the healthy control sample and the sample 
of Jurkat cells incubated with DOX were used to make a tw o sub-population model 
for the known mixtures of healthy and incubated cells as seen in Figure 48, Figure 
49 and Figure 50. The properties of the single shell model characteristics o f the  
healthy and the affected sub-populations were kept the same for all experiments. 
The models fit the data well, with Pearson Correlation Coefficients above 0.96.
The Pearson Correlation Coefficients and errors between the model and the data 
for each sample mixture are summarized in Table 9.
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r= 6.82pm; d= Snm; G 
Sub-Population 2 - 7.5%: o^yj=0.07S/m; s^=60;
: 6.82pm; d= 8nm; G^pg^=12.50 S/m^; C^Jg^=7.75 mP/m^; 
Sub-Population 3 - 12.5%: a^=0 .19S /m ; G^=80; 
r= 5.47pm; d= 8nm; G =625.00 S/m^; C^peç=7.75 mP/m^; 
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r= 0.70pm; d= 8nm; G^pgg=12 ^ 0 .0 0  S/m^; C^pgg=6.64 mP/m^;
R vaiue=0.9925; RMS Error=0.0010
Figure 48 Four sub-population model fitted to the data from the sample containing 75% 
healthy control sample and 25% of the sample incubated with doxorubicin.
Jurkat 50%  healthy 50% 16h lOpM DOX
ÎI
0.5£O)
0)
g
O
-0.5
 model
O experimental data
10®10 10' 10 '
Frequency (Hz)
Sub-Population 1 - 45%: a^=0.46SAn; Eg^=60;
r= 6.82pm; d= 8nm; G;pec=12.50 S/m ;^ C^pg^=9.96 mP/m^ ;
Sub-Population 2 - 5%: o .=0.07S/m; £^ ,^=60;
r= 6.82pm; d= 8nm; G =12.50 S/m ;^ C^p^=7.75 mP/m ;^
Sub-Population 3 - 25%: o_=0.19S/rn; £^ ,^=80;
r= 5.47pm; d= 8nm; G .^=625.00 S/m ;^ C^^^^=7.75 mP/m ;^
Sub-Population 4 - 25%: o^y,=0.018S/m; £(.y,=70;
r= 0.70pm; d= 8nm; G^ pg^ =12500.00 S/hn^ ; Cgp^^=6.64 mP/m ;^
R value=0.9932; RMS Error=0.0005
Figure 49 Four sub-population model fitted to the data from the sample containing 50% 
healthy control sample and 50% of the sample incubated with doxorubicin.
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Jurkat 25%  healthy 75%  16h 10^iM DO X
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Figure 50 Four sub-population model fitted to the data from the sample containing 25% 
healthy control sample and 75% of the sample incubated with doxorubicin.
Table 9 Pearson Correlation Coefficients and RMS errors for each of the mixtures using 
the two different methods.
Pearson Correlation 
Coefficient
RMS Error
100% HC sample 0.9963 0.0027
75% HC sample 0.9925 0.0010
50% HC sample 0.9932 0.0005
25% HC sample 0.9714 0.0010
0% HC sample 0.9907 0.0008
These results show very high Pearson Correlation Coefficients, which suggest that 
the DEP well instrument recognizes the cell mixtures well. The 25% HC sample gave 
the lowest Pearson Correlation Coefficient, 0.9714. This was due to  one of the wells
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not being connected (well 16) and well 17 having unusually higher changes in light 
intensity.
4.3.1.3. Jurkat MTT analysis
The effect of doxorubicin on the Jurkat cells was calculated by comparing the results 
at each concentration against the healthy control. Table 10 shows the results 
obtained with MTT. For the lower concentration and shorter incubation times the  
result is negative, indicating th a t those cells proliferated more than the healthy 
control.
Table 10 Average doxorubicin Growth Inhibition on Jurkat cells (N=3)
Doxorubicin growth inhibition (%) on Jurkat cells
0.1 |iM 0.3 nM 0.5 jiM Ip M
o
E
48 h 38.99±0.045 86.31±0.002 88.67±0.003 91.32±0.011
4->
co
32 h 2.85±0.019 50.52±0.012 69.54±0.003 7 9 .5 0 i0 .0 0 4
+->toSI 16 h 3.02±0.006 -1.04±0.036 34.23±0.019 5 6 . l l i0 .0 0 6
uc 8h -2 .90±0.013 -0.94±0.014 2.70±0.020 2 .8 6 i0 .0 2 6
4.3.1.4. Jurkat trypan blue viability
The number of stained cells and not stained cells was calculated for each 
experiment. However, this proved difficult at times when most o f the cells were  
necrotic. There was a presence of ghost-like cells which were difficult to see under 
the microscope and appeared brighter than the rest or had a pale-blue appearance. 
For the experiments with the longer incubation times and higher concentrations, 
the cell concentration appeared to be lower and the presence of very small debris
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was noticeable but difficult to quantify under the microscope. All these 
uncertainties made the quantification of viability in the sample difficult. 
Nevertheless, the results are summarized in Table 11.
a) b)
N
Figure 51 Jurkat cells mixed with trypan blue under the microscope: a) The arrows 
indicate the presence of cells that seem out of focus; b) The arrow highlights the presence 
of a cell that appears to be stained in a paler colour, it also looks as it were out of focus; 
c) The arrows indicate the presence of cell debris that is hard to make out under the 
microscope and appears to be stained.
Table 11 Trypan blue viability test results for the different concentrations of doxorubicin 
and different incubation times on Jurkat cells (N=5).
% Viability of Jurkat cells incubated with doxorubicin
0.1 pM 0.3 pM 0.5 pM Ip M
32 h 88±4 60±5 29±1 27±2
16 h 89±3 97±2 94±1 82±2
8 h 94+3 96±2 98±1 99±1
4.3.1,5. Comparison between methods
The percentage of viable cells obtained using DEP, MTT and trypan blue, fo r each 
concentration at a given time point, was used to calculate the IC5 0  values using the 
Hill Model. At each time point, the Hill model was fitted to the survival fraction of 
each concentration, minimising the error using a solver to calculate the Hill
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coefficient. The IC50 was obtained from the Hill model. Table 12 shows the IC50 
values obtained with the different methods over tim e, a dash means that there was 
no data for that tim e point. At shorter incubation times such as 8 h there is not 
much difference in the survival fraction between concentrations, and so the IC50 
value is very high or unobtainable if the Hill model cannot be fitted.
Table 12 Comparison of IC5 0  determination on Jurkat cells with DEP, MTT and trypan blue, 
at different time points.
IC5o(pM) of doxorubicin on Jurkat cells at different incubation
times
8 h 16 h 32 h 48 h
■u
DEP 1 5 7 0 .5 7 0 .1 9 -
MTT 1 .8 9  X 10^^ 0 .8 3 0 .3 2 0 .1 2
Trypan blue Not obtainable 3 .3 5 0 .3 6 -
The values for the IC50 of doxorubicin on Jurkat cells found in the literature vary 
between 0.106 pM (Hsu et al., 2001) and 0.24 pM  (Georgakis et al., 2005). The 
values found with MTT and DEP fall in that range.
In this study, the values of the properties in the model of each sub-population are 
fixed but the ratio between the sub-populations is changed when plotted against 
the different experiments.
The DEP results highlighted the presence of tw o sub-populations after 8 h, as can be 
seen from  the bend in the light intensity change at higher frequencies, indicating a 
sub-population with lower membrane capacitance and cytoplasm conductivity. 
After 16 h a third sub-population, made up of cell fragments, could be seen in the
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spectra. By 32 h, there was a noticeable decrease in the healthy sub-populations of 
each concentration. The IC50 could be determined at this point and proved close to 
the result obtained with MTT at 48 h.
The DEP well instrument is able to determ ine the effect of several doxorubicin 
concentrations on Jurkat cells. The results were compared to  experiments 
performed with MTT and trypan blue viability tests. Trypan blue can only distinguish 
between live and dead cells, so it is not an accurate measure of the IC 5 0  as it can 
over estimate the percentage of live cells in a population. MTT IC 5 0  converged at 48 
h whereas DEP did at 32 h, reducing the incubation times needed to obtain the IC 5 0 .  
The cell preparation protocol for DEP experiments with suspension cells takes 30 
min whereas the MTT preparation protocol involves centrifuging and washing steps 
with PBS and the incubation of the cells w ith the tétrazolium salt which can total up 
to 5 hours.
MTT is the current standard method of obtaining the IC 5 0  of a drug on a cell line. 
DEP offers the advantage of providing information about the different sub­
populations arising from  drug incubation, not just proliferating cells. In apoptosis, 
the cells die in an organized manner and are still able to  metabolize the tétrazolium  
salt, so MTT could over estimate the viable population for shorter incubation times. 
Performing MTT experiments with Jurkat cells is somewhat elaborate as it involves 
centrifuging protocols with small samples. DEP, as opposed to  MTT, does not 
require reagents for experiments and is therefore a cheaper alternative. Another 
advantage of performing DEP experiments is that after the experiments are
121
Ruth Torcal Serrano Chapter IV: Cytotoxicity testing
performed, the cells can be used to perform further experiments, such as 
separation of sub-populations, or returned to cell culture. After MTT experiments, 
the cells are no longer viable.
The amount of cells needed for a DEP experiment is much greater than needed in 
an MTT experiment, so this does pose a disadvantage in the technique. The DEP 
spectra vary a lot between repeats and so the repeats need to  be increased in order 
to make definitive cohclusidns. Further optimisation of the image analyses of the  
DEP well instrument could improve the DEP spectrum and reduce the noise by 
looking at different algorithms to analyse the images.
4.3.2. Cytotoxicity studies on adherent cells
4.3.2.I. HeLa cytotoxicity DEP analysis
The healthy control population of HeLa cells was characterized using the DEP well 
instrument as seen in Figure 52. A single shelled model (Irimajiri et al., 1979) was 
fitted to the data using the average of the measured radii. The best fit was found by 
scaling the DEP model by a factor to  match the experimental data and then  
iteratively changing the membrane and cytoplasm properties.
The healthy control sample showed DEP spectra made up of tw o sub-populations. 
After careful observation of the cells under the haemocytometer, the presence of 
cell debris was noticed. The debris was around 1 pm in radius and so one o f the sub­
populations used was given a radius around that value, deviations aimed to fit the  
data. The properties of the tw o sub-populations are summarised in Table 19.
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Several cell culture methods were trialled in order to  keep the cells in suspension, 
and therefore elim inate the cell debris sub-population, such as growing cells in 
agarose (Zheng et al., 2007) and growing cells in a roller flask. However, this 
resulted in cell-cell interactions and cell clumping. Trypsin and accutase w ere  
compared in the detachm ent results. Accutase showed a slightly smaller percentage 
in cell debris and so was used as the detachm ent product.
HeLa Healthy Control
1.4
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g  0.4
D)
- 0.2
-0.4
 model
o experiment data
- 0.6
Sub-Populationi - 75^. ^
r= 8.24)im: d= 8nm; G^^^=1Z50 S/m^; C =38.74 mF/m^
SpeC 'SD6C
Sub-Population 2 - 25%: a .=0.04S/m; a =40; 
r= 0.80pm; d= 8nm; =1250.00 S/m^; G =7.75 mF/m
spec spec
'S/m; s =60;
R value=0.9960; RMS Error=0.0016
Figure 52 DEP spectrum of HeLa cells (average of 61 experiments; the error bars show the 
standard error between experiments).
To average dielectric spectra, the change in the light intensity values at each
frequency were averaged. The error bars denote the standard deviation between
the averaged values. The cells experience negative dielectrophoresis at frequencies
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below 10 kHz, then the first sub-population plateaus from 40 kHz until 10 MHz. The 
second sub-population, made up of m icrometer particles, experiences negative 
dielectrophoresis below 300 kHz then reaches a plateau from 800 kHz to  5 MHz. 
The membrane capacitance of the HeLa cell has been previously reported as 19 
mF/cm^ by Asami et al. (1990) and in this work it is 38.74 m F /c m \ However, the  
HeLa dielectric response has been described as strongly positive between 10 kHz 
and 10 MHz whilst suspended in 1.76 mS/m (Jen and Chen, 2009) which 
corresponds to  40 kHz-10 MHz for cells suspended in 10 mS/m, agreeing w ith the  
model properties in this work. It was found that the drug vehicle control, DMSO, did 
not affect the dielectric properties of HeLa cells. Thus, the changes in the dielectric 
properties of the cells after incubation with doxorubicin were due to  the influence 
of doxorubicin alone.
To determ ine the toxicity of doxorubicin on HeLa cells, the percentage of viable cells 
after incubation w ith each concentration is needed. Experiments w ere carried out 
after 4 h, 8 h, 16 h and 32 h. Changes in the dielectric spectra were detected after 8 
h incubation. There was a decrease in the percentage of healthy sub-population and 
an increase in cell debris.
The cell radii average measurements have high standard deviations and norm ality  
could not be determ ined, for any of the tim e points measured. The average radii 
fluctuate as concentration increases or incubation tim e increases so no conclusions 
can be made from those values. The summary of the properties o f the healthy
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control sample and the sub-populations that arise after addition of doxorubicin are 
given in Table 13.
Table 13 Sub-population characteristics for the healthy control sample and the affected 
samples
Present In healthy control Present in doxorubicin samples
Sub­
population 1
Sub­
population 2
Sub­
population 1
Sub-
population 2
Sub-
population 3
O c y t ( S / m ) 0 . 3 9  ( 0 . 3 3 -  
0 . 4 8 )
0 . 0 4  ( 0 . 0 3 -  
0 . 0 7 )
0 . 3 4 - 0 . 5 5 0 . 0 4 - 0 . 1 0 . 1 2
E cy t 6 0  ( 4 0 - 6 0 ) 4 0 6 0 4 0 2 0 - 6 0
Radius
(pm)
8 . 2 4  ( 7 . 3 -  
9 . 8 6 )
0 . 8  ( 0 . 8 - 1 ) 7 . 8 7 8 - 1 1 . 0 4 3 0 . 5 - 1 . 5 7 . 9 6 - 9 . 0 5
G s p e c
(S/m^)
1 2 . 5 0 1 2 5 0 ( 5 0 0 -
1 3 7 5 )
1 2 . 5 2 5 0 - 6 2 5 0 7 5 0
Q p e c
(mF/m^)
3 8 . 7 4
( 2 9 . 8 8 -
4 3 . 1 6 )
7 . 7 5 2 5 . 4 6 - 4 4 . 2 7 7 . 7 0 - 7 . 7 5 6 . 6 - 6 . 6 4
The ranges in the brackets in the healthy control columns represent the lowest and 
highest values found for each param eter when fitting the model to  individual 
experiments, outside the brackets are the values found when fitting to the average 
of all experiments. The ranges in the doxorubicin samples columns represent the  
lowest and highest values found in the sub-populations' properties in all incubation 
times. The tables in Appendix D give more detailed information fo r all the  
incubation times and doses.
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For the first 8 h after addition of doxorubicin, the cytoplasmic conductivity goes up 
from 0.39 to  0.47-0.55, indicating high ionic strength. The pattern of behaviour is in 
agreement with previously published results for apoptotic K562 cells (Labeed et al., 
2006). A fter 16 h, the lower concentrations still have cytoplasmic conductivities of 
0.5 S/m whereas the cells treated with the higher concentration, 2 pM , had a 
cytoplasmic conductivity of 0.38 S/m , which could perhaps be the start of 
cytoplasmic condensation. The 16 h 2 pM  spectra have a new sub-population with a- - . . . . . .  —  —  ---------  . .      .1  _ .. . .  .......................... .- .............................. —  I ........................
cytoplasmic conductivity of 0.12 S/m, which could be an early apoptotic population. 
After 32 h the different doses produce different spectra that can be seen in Figure 
53, Figure 54, Figure 55 and Figure 56.
HeLa 32h0.1pM DOX
mode
0.5
Frequency (H^
Sub-Population 1 - 45%: o =0.35S/m: G =60;
r= 11.04pm; d= 8nm; G =12.50 S/m^; ^^=43.16 mP/m^;
Sub-Population 2 - 55%: a =0.04S/m; s^=40;
r= 1.50pm; d= 8nm; G^pg^=2250.00 S/m^; C^pgç=7.75 mP/m^;
R value=0.9885; RMS Error=0.0015
Figure 53 DEP spectrum of HeLa cells Incubated for 32 h with 0.1 pM DOX (average of 9
experiments; error bars represent the standard error between the experiments)
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HeLa 32h O.S^MDOX
model
.o) 0.5
-0.5
Sub-Population 1 - »S/m; e =60;
r= 1.1 Oum; d= 8nm; G =2250.00 S/ml C =7.75 mF/m ;^
R value=0.9946; RMS Error=0.0014
Figure 54 DEP spectrum of HeLa cells incubated for 32 h with 0.5 pM DOX (average of 11 
experiments; error bars represent the standard error between the experiments)
HeLa32h1pMDOX
model
1.5
0.5
-0.5
10® 10®
Sub-Population 1 - 45^: cr =c(.3-^S/m; s =60; 
r= 9.48jim; d= 8nm; G =1z50 S/m ;^ C =43.16 mP/m ;^
Sub-Population 2 - 55%: ct =0.07S/m; e =40; 
r=1.00Mm;d=8nm;G^p^^=2250.00S/m^- C^p^^ =7.75 mP/m ’^
R value=0.9839; RMS Error=0.0010
Figure 55 DEP spectrum of HeLa cells incubated for 32 h with 1 pM DOX (average of 11
experiments; error bars represent the standard error between the experiments)
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HeLa 32h 2^iMD0X
model
I
0.5£
Q)D)
OS
Ü
-0.5
10®10'
Sub-Population 2 - 75%: o =&O^S/m; s =40; 
r= 1.00n,m; d= 8nm; G =2250.00 S/m^; ^^=7.75 mF/m^;
Sub-Population 3 - 25%: a =0.12S/m; s =20; 
r= 7.96^m; d= 8nm; G =750.00 S/m^; C =6.64 mF/m^;
spec spec '
R value=0.9916; RMS Error=0.0005
Figure 56 DEP spectrum of HeLa cells incubated for 32 h with 2 pM DOX (average of 11 
experiments; error bars represent the standard error between the experiments)
The three sub-populations that have been observed in the cytotoxicity experiments 
are shown in Figure 57.
Three populations
Ic
O)
c
<!)•
gra
s :O
—  population 1 
--- population 2
- - population 3
-0.5
,5 ,7 10®10' 10 10- 10
Frequency (Hz) 
Sub-Population 1 -10 0 % : a^,,=0.4S/m;
r= 9.00pm; d= Snm; G
cyt
=12.50 S/m 'spec ---------------  ’ ^ s p e c " ^ ^ '^ ^  mF/m ,
Sub-Population 2 -1 0 0 % : cr^y^=0.06S/m; E^^=40;
r= 1 .00um ;d=8nm ;G  = 3 8 7 5 .0 0 S/m^; C = 7 .7 5 mF/m
^ spec spec
Sub-Population 3 -10 0 % : a^^=0.12S/m; e^y^=40;
r= 9 .00pm ;d= Snm; ^^^^^=750.00 S/m^; C^p^^=6.64 mF/m^;
Figure 57 DEP single shell model of each sub-population demonstrating the different cross 
over frequencies.
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These results show the difference in cross over frequencies for each sub-population. 
Sub-population 1 makes up 75% of the healthy control sample. Sub-population 2 is 
the cell debris present in the sample due to detachm ent damage. Sub-population 3 
is an early apoptotic sub-population.
4.3.2 2. DEP HeLa mixtures study
A single shelled model was fitted  to the data from the healthy control sample using 
the average of the measured radii in the model; as seen in Figure 58, with the error 
bars indicating the standard deviation between the averaged values. The same 
procedure was applied to  the spectra obtained from the sample of cells incubated 
with 10 pM  DOX for 16 h, using the average of the measured radii in the model, as 
seen in Figure 59.
HeLa Healthy Control
1.5
model
0.5
0)
g
(Q
Ü
-0.5
Sub-Population 1 - 75^: a =(f.2^S/m; G =40; 
r= 7.45pm; d= 8nm; G^p^^=l2.50 S/m ;^ C ^^=38.74 mF/m ;^
Sub-Population 2 - 25%: cr =0.04S/m; e =40; 
r= 1.00pm; d=8nm;G^p^^=2375.00S/m^; (^^^^=7.75 mP/m ;^
R value=0.9877; RMS Error=0.0002
Figure 58 DEP spectrum of HeLa cells (average of 9 experiments; the error bars show the
standard deviation between the experiments).
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HeLa 16h 10m,M DOX
model
D)
-0.5
Sub-Population 2 - 55°^; a_=(f.oJs/nn: G .=40; 
r= 0.90]am; d= 8nm; G _ = 2 3 7 5 .0 0  S/m^- ^^=7.75 mF/m^;
Sub-Population 3 - 45%: a .=0.12S/m; 8^=20; 
r= 9 07pm; d= 8nm; G^p^^=1&.00 S/m^; C^p^^=7.75 mF/m^;
R value=0.9851 ; RMS Error=0.0001
Figure 59 DEP spectrum of HeLa cells exposed to 10 pM DOX for 16 h (average of 11 
experiments; the error bars show the standard deviation between the experiments).
Both the healthy control and the affected samples showed DEP spectra made up of 
tw o sub-populations. A fter careful observation of the cells under the  
haemocytometer, a presence of cell debris was noticed. The debris was around 1 
pm in radius and so one of the sub-populations used was given that radius. The 
properties of both experiments are summarized in Table 14.
The healthy sub-population of HeLa cells appeared to have experienced negative 
dielectrophoresis below 10 kHz and above 60 MHz, whereas the affected sub­
population appeared to have experienced negative dielectrophoresis below 100 kHz 
and above 20 MHz.
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Table 14 Plotting characteristics of the HeLa healthy control sample and the sample of 
HeLa cells incubated with 10 pM Doxorubicin for 16 h.
Healthy control Incubated with lO pM DOX for 
16 h
Sub-population 1 2 2 3
Population % 75 25 55 45
Radius (pm) 7.448 1 0.9 9.07
Cytoplasm conductivity 
(S/m) 0.28 0.04 0.06 0.12
Cytoplasmic relative 
permittivity 40 40 40 20
Gspec (S/m ) 12.50 2375 2375 1250
Cspec (mF/m^) 38.74 7.75 7.75 7.75
Pearson Correlation 
Coefficient 0.9877 0.9851
RIVIS Error 0.0002 0.001
Both the healthy sub-population and the affected sub-populations have their 
spectra made up by a sub-population with the same properties. It is made up of 
very small particles which are difficult to make out under the microscope, and 
therefore, difficult to measure. These particles could either be a low level bacterial 
infection or cell debris as a result of the detachm ent process. The cell sized sub­
populations from  the healthy control sample and the affected sample have different 
properties. The affected sub-population has lower cytoplasmic conductivity and 
relative permittivity, lower membrane capacitance and higher m em brane  
conductance. The membrane capacitance of HeLa cells has been previously
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reported as 19 mF/cm^ by Asami et al. (1990). This value is slightly lower than that 
found for the healthy sub-population, 38.74 mP/cm^ but it is higher than value for 
the sub-population of debris, 7.75 mP/cm^. This reduction in membrane capacitance 
after incubation with an apoptotic drug correlated with that found by W ang et al. 
(2002).
The deviations between the experiments carried out with the sample of cells 
ihcübated for 16 h with 10 pM  DOX, are larger than found for the healthy control 
sample. The individual experiments gave very noisy values for the change in light 
intensity at each frequency. The results for mixtures can be seen in Figure 60, Figure 
61 and Figure 62.
HeLa 75% HC 25% 16h 10pM DOX
model
0.5
O)
-0.5
,5 10® 10®10
Sub-Population 1 - s =40;
r= 7.45jim; d= 8nm; G^_=12.50 S/m^; ^^=38.74 mF/m ;^
Sub-Population 2 - 58%: a =0.06S/m; s^=40; 
r= 0.9Q^m; d= 8nm; =2375.00 S/m^; (?  ^^=7.75 mF/m ;^
Sub-Population 3 - 4%: o =0.12S/m; s^=20; 
r= 9.07nm; d= 8nm; G^p^^=1250.00 S/m^; C^pg,=7.75 mF/m ;^
R value=0.9849; RMS Error=0.0000
Figure 60 Three sub-population model fitted to the data from the sample containing 75% 
healthy control sample and 25% sample of cells incubated with doxorubicin.
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HeLa 50% HC 50% 16h lO i^M DOX
model
1.5
0.5
-0.5
10® 10' 10®
Sub-Population 1-21®^: cr|^=(f.2^S/m: e =40; 
r= 7.45^m; d= 8nm; =12.50 S/m ;^ C =38.74 mF/m ;^_  . Spec * spec ’
Sub-Population 2 - 58%: <r =0.06S/m; e =40; 
r= I .OOum; d= 8nm; G, =2375.00 S/m ;^ C  =7.75 mP/rn^ ;
. spec spec ■
Sub-Population 3 - 21%: o =0.12S/m; G =20; 
r= 9.07pm; d= 8nm; G^ ^^ =^1250.00 S/m ;^ ^^^^=7.75 mF/m ;^
R value=0.9929; RMS Error=0.0008
Figure 61 Three sub-population model fitted to the data from the sample containing 50% 
healthy control sample and 50% sample of cells Incubated with doxorubicin.
HeLa 25% HC 75% 16h 10p.M DOX
model
Sub-Population 1 -10^: a =(f.2^S/m; s =40; 
r= 7.45pm; d= 8nm; G^p^^=l2.50 S/m ;^ ^^=38.74 mF/m ;^
Sub-Population 2 - 56%: o =0.06S/m; 6^=40; 
r= 0.90pm; d= 8nm; G =2375.00 S/m ;^ ( f  ^=7.75 mF/m ;^
Sub-Population 3 - 34%: a =0.128/m; s *=20; 
r= 9.07pm; d= 8nm; G^ ^^ =^1250.00 S/m ;^ (^p^^=7.75 mF/m ;^ 
Rvalue=0.9872; RMS Error=0.0001
Figure 62 Three sub-population model fitted to the data from the sample containing 25% 
healthy control sample and 75% sample of cells Incubated with doxorubicin.
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The data from the defined mixtures did not match the predicted DEP model results. 
The healthy sub-population presence is under estimated in every mixture by almost 
half its amount. This could be due to  the mixtures not being homogeneous.
Table 15 shows how the Pearson Correlation Coefficient could be improved by 
changing the sub-population ratios.
Table 15 Percentage of sub-populations for each of the known mixtures with their 
corresponding Pearson Correlation Coefficient. The brackets Indicate the percentage of 
sub-population that should be detected and their corresponding correlation coefficients.
% of HC Sub-pop
1
Sub-pop
2
Sub-pop 3 Pearson
Correlation
Coefficient
Error
100 75% 25% 0% 0.9877 0.0002
75 38%
(56.25%)
58%
(32.5%)
4%
(11.25%)
0.9849
(0.9509)
0.0000 (0.0004)
50 21% 58% 21% 0.9929 0.0008
(37.5%) (40%) (22.5%) (0.9709) (0.0010)
25 10% 56% 34% 0.9872 0.0001
(18.75%) (47.5) (33.75) (0.9844) (0.0013)
0 0% 55% 45% 0.9851 0.001
4.3.2.S. HeLa MTT analysis
The effect of doxorubicin on the HeLa cells was calculated by comparing the results 
at each concentration against the healthy control. Table 16 shows the results 
obtained with MTT. For the lower concentration and shorter incubation times the  
result is negative, indicating that those cells proliferated more than the healthy 
control.
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Table 16 Average doxorubicin Growth Inhibition on HeLa cells (N=3)
Doxorubicin growth Inhibition {%) on HeLa cells
0.1 pM 0.5 pM 1 pM 2p M
(U
E
48 h 4.421±0.003 10.04810.023 36.96810.004 51.26010.012
4-«
. c
..or '.Ï.
32 h 5.175±0.073 7.32710.094 16.10410.017 32.95010.072
■ +j;,■ m ■:■JO :: : : 16 h -3.039±0.036 -5.84510.032 6.71310.047 12.73010.035
C 8h -5.681±0.032 -27.09210.041 -9.75210.026 -6.01310.026
4.3.2.4. HeLa trypan blue viabilily
The number of stained (live) cells and not stained (dead) cells was calculated for 
each experiment and results are shown in Table 17.
Table 17 Trypan blue viability test results for the different concentrations of doxorubicin 
and different Incubation times on HeLa cells (N=5).
% Viability of HeLa cells incubated with doxorubicin
0.1 pM 0.5 pM 1 pM 2 pM
co
1 1uc
32 h 8911 8613 77111 28122
16 h 8715 8112 7611 39115
8 h 9312 9014 73119 8114
4.3.2.5. Comparison between methods
The DEP mixtures study on HeLa cells showed some interesting results th a t cast
doubt on w hether the DEP system can be used to  determ ine the percentage of
more than one sub-population for adherent cells. The experimental data did not
match the predicted models for the mixtures. The fit was greatly improved by
increasing the weight of the healthy sub-population, which contradicts the results
found in the rapid detection of apoptosis which suggested that smaller cells had a
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higher weighting. This might imply that adherent cells' properties vary a lot in the  
sample and as DEP is measuring average response, the results can be very different 
at each frequency and each repeats.
The percentage of viable cells obtained using DEP, MTT and trypan blue, for each 
concentration at a given tim e point, was used to calculate the IC50 values with the  
Hill Model. Table 18 shows the IC 5 0  values obtained with the different methods over
Table 18 Comparison of IC50 determination on HeLa cells with DEP, MTT and trypan blue, 
at different time points.
ICsoIpM) of doxorubicin on HeLa cells at different Incubation
times
8 h 16 h 32 h 48 h
T3
0
OJ
DEP Not obtainable
Not obtainable 
(0.67 without 
1 pM point)
0.39 -
MTT Not obtainable 5.61 8.45 1.79
Trypan blue Not obtainable 0.84 0.73 -
The values of the IC 5 0  of doxorubicin on HeLa cells found in the literature vary 
between 0.374 pM (Sadeghi-Aliabadi et al., 2010) and 2,39 pM (Du et al., 2012). The 
values found with MTT and DEP fall in that range.
4.4. CONCLUSION
The experiments in this section aimed to test the application of the DEP well 
instrument in cytotoxicity studies. For this purpose, experiments w ere carried out
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using the widely used chemotherapeutic drug doxorubicin on tw o different cell 
lines. The cell lines chosen were HeLa (adherent) and Jurkat (suspension), to  
investigate w hether cytotoxicity studies using the DEP well instrument work on 
both types of cells. As a comparison, MTT and trypan blue tests were carried out. 
The IC50 for doxorubicin on both cell types was calculated using the DEP, MTT and 
trypan blue values and compared with the literature.
This chapter proved that the DEP well instrument can detect multiple sub­
populations in a sample making the study of the cytotoxicity of substances on cells 
possible. DEP picks up slight changes in the cells dielectric properties as a result of 
the effect of the drug on the cells and needs a shorter incubation tim e than MTT  
does. In the mixtures study it was shown that DEP detected the ratio between the  
populations well for suspension cells. However, some doubt has been cast over how  
accurately the ratio between those sub-populations can be detected for adherent 
cells.
DEP spectra for Jurkat cells treated with DOX revealed the existence o f multiple  
sub-populations within the sample. For the purpose of cytotoxicity analysis only the  
percentage of healthy sub-population in the sample is needed. Untreated, or 
healthy, Jurkat cells are first characterised with DEP to find their dielectric 
properties so that the healthy sub-population can be identified in the treated  
samples. The healthy sub-population was monitored for increasing concentrations 
of DOX at a given incubation tim e point so that the IC 5 0  of DOX on Jurkat cells could 
be calculated. This value was within the range found in the literature and closely
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matched the value obtained from  the MTT results. The same procedure was applied 
to  HeLa cells and the IC50 results also fell within the literature ranges and the values 
were close to  the values obtained with MTT.
A mixture study was carried out on both cell lines to ensure that the DEP model 
spectrum was picking up the population ratios accurately. For this, untreated cells 
were characterised and the same tim e as treated cells. Then, several mixtures were  
prepared with the untreated and treated samples in known ratios of 1 :3 , 2 :2 , 3 :1 . 
The DEP model was plotted on top of the data using the known properties of the  
treated and untreated cells in the corresponding ratio that was prepared. W hereas 
Jurkat cells results for the experiment matched the results from  the model, the  
HeLa cells did not. The healthy sub-population presence was under estimated in 
every mixture by almost half its amount. This could be due to  the mixtures not 
being homogeneous.
DEP holds an advantage over other methods, such as MTT, because it can detect 
changes in the sub-populations in the sample. W hen DOX is used, which causes 
toxicity by inducing apoptosis, DEP can detect early apoptosis when MTT cannot. 
This means that DEP can be used with shorter incubation times to obtain data for 
the calculation of the IC 5 0 .
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CHAPTERV 
EARLY DETECTION OF APOPTOSIS
5.1. INTRODUCTION
Studying cell-apoptosis, programmed cell death, has been of great interest in recent 
years because it plays an im portant role in the normal development of multi-cellular 
organisms. Problems with regulation of apoptosis can led to  diseases like cancer 
(too little apoptosis) or neurodegenerative diseases such as Parkinson's or 
Alzheimer's (too much apoptosis). Therefore, the discovery of new compounds that 
can regulate apoptotic pathways could lead to  new therapeutic agents.
This chapter uses the newly developed DEP well instrument for early apoptotic 
detection. To study quick detection of apoptosis, HeLa (adherent) cells are treated  
with staurosporine, a known apoptotic agent. As a comparison experiments w ere  
performed using flow cytometry in combination with Annexin V, the gold standard 
in apoptosis studies. Trypan blue and MTT viability tests were also carried out.
Apoptotic cell death has a distinct cytological morphology and the signalling cascade 
is regulated at several points, therefore, there are many methods and opportunities 
to  evaluate apoptotic death. In necrosis there is loss of ATP or m em brane pumps 
which leads to  osmotic swelling of the membrane and of the organelles. The cell 
eventually bursts and its contents are released to the medium surrounding it, 
causing an inflammatory response. Its morphology can vary and it is not well 
defined. Apoptosis has a clear morphology: shrinkage and blebbing o f the cells,
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condensation of the nucleus and formation of apoptotic bodies (Lockshin and 
Zakeri, 2004).
New discoveries in apoptotic mechanisms also enable new methods for its 
detection. Although apoptosis and necrosis are distinct methods of cell death, some 
of their features can overlap so it is im portant that apoptosis is confirmed using 
different methods and using different principles.
There are several readily available assays for apoptosis detection and understanding 
the mode of operations, pros and cons, and limitations of each assay is important. 
Apoptotic cell death can be completed in a few  hours, therefore if the assay is 
performed too early or too late, the results may not be accurate. There are several 
methods that study apoptosis by different principles. The standard techniques are 
electron microscopy and spectroscopic techniques, though new options are 
emerging (M artinez et al., 2010).
Electron Microscopy works by firing a beam of electrons to  create a magnified 
image o f the specimen. It has greater spatial resolution than a light microscope, 
allowing the visibility of small cells in great detail (Croft, 2006). However, they are 
expensive pieces of machinery that require a highly skilled operator and cell 
preparation and analysis are tim e consuming. Furthermore, the cells used for 
electron microscopy analysis are not viable after analysis.
M ost spectroscopic techniques for apoptosis, like flow  cytometry and microscopy, 
rely on fluorescence detection of immunochemical labels or fluorescent probes
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which react to  the cell environm ent during apoptosis. There are several options 
available including Annexin V staining, the TUNEL assay, caspase detection and 
measurem ent of mitochondrial membrane potential (M artinez et al., 2010).
Annexin V assay works by detecting membrane changes. W hen the cell starts 
apoptosis there is a loss of phospholipid asymmetry which causes the  
phosphatidylserine (PS), usually in the inner leaflet, to expose itself on the outer 
leaflet for niacrophage recognition (Faddk et al., 1992). Ahnexih-V is a protein that 
specifically binds PS. Fluorescent labelling of Annexin-V, combined with a nuclear 
stain, allows the possibility of distinguishing between healthy, early apoptotic and 
late apoptotic cells using flow  cytometry (Koopman et al., 1994).
The early apoptotic phase can be quite quick and so experiments at different drug 
incubation times must be performed in order to prove that cells are in fact going 
through early apoptosis before reaching late apoptosis/necrosis.
W hile the Annexin-V binding assay is fairly robust when used in suspension growing 
cells, it's use can be a little tricky when assessing apoptosis in adherent cells due to  
damage caused on the cells during harvesting (van Engeland et al., 1996).
5.2. MATERIALS AND METHODS
5.2.1. Chemical reagents
Annexin-V FITC Apoptosis detection kit (Sigma-Aldrich, UK) was used to  detect 
apoptosis using flow  cytometry.
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MTT (Sigma-Aldrich, UK) was dissolved in PBS at 5 mg/m l and filtered to sterilize 
and remove a small am ount of insoluble residue present in some batches of MTT.
Staurosporine solution (1 m M  in DMSO) from  Streptomyces sp. (Sigma-Aldrich, UK) 
was used to  induce apoptosis on HeLa cells for early apoptosis detection studies. 
Staurosporine is a protein kinase inhibitor which is a well known model o f apoptotic 
cell death (Manns et al., 2011, Tafani et al., 2001). It causes apoptosis through the  
intrinsic pathway by causing the translocatidh of the pro-apoptotic protein Bax to  
the mitochondria alongside induction of the MPT with the release of cyt c which 
initiates the execution phase o f apoptosis (Tafani et al., 2001). A concentration of 1 
pM  induces apoptosis on HeLa cells (Rehm et al., 2009).
5.2.2. Cell culture
HeLa cells were cultured as described in section 4.2.1.
5.2.3. Apoptosis DEP experiments
HeLa cells were seeded at 6000 cells/cm^ in T175 flasks. 1 pM  staurosporine was 
added to  the flasks 24 h after seeding, in order to ensure exponential growth. Cells 
were incubated for 15 min, 30 min, 2 h and 4 h.
For the experiments of incubation of HeLa cells with staurosporine whilst in 
suspension, cells w ere seeded at 6000 cells/cm^ in T175 flasks 24 h prior to  them  
being brought into suspension. Once in suspension, they were prepared fo r DEP 
experiments as described in section 4.2.3. Once the cell concentration was adjusted 
for DEP experim ents, 1 pM  staurosporine was added for incubation for 30 min, 2 h
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and 4 h. Before DEP experiments, the drug treatm ent was term inated by 
centrifuging, removing the supernatant and resuspending in DEP media.
5.2.4. Flow cytometry experiments
Annexin V FITC Apoptosis detection kit (Sigma-Aldrich, UK) was used to detect 
apoptosis using flow  cytometry. The cell concentration was adjusted to  10® cells/ml. 
1 ml of cell suspension was added to each well. Drug treatm ent was applied to the  
wells at different times: 30 min, I  h, 2 h, 4 h, 6 h and 24 h. A control sample of 
healthy HeLa cells was also plated. A fter the drug treatm ent was term inated the  
cells were brought into suspension and washed twice with PBS. Control cells were  
also seeded in order to use them  for compensation adjustments, made to  minimize 
overlap between the tw o fluorochromes.
The cells were resuspended in IX  Binding buffer at a concentration of ~lxlO®  
cells/ml. 5 pi Annexin V-FITC and 10 pi of Propidium Iodide (PI) solution was added  
to 500 pi of cell suspension. The cells were incubated for 10 min at room  
tem perature and protected from light. A fter incubation the cells w ere analysed 
using a Beckman Coulter BD FACSCanto II flow  cytom eter em itting an excitation 
light at 488 nm from a laser. The detection was made at 518 nm for FITC detection  
and 620 nm for PI detection.
5.3. RESULTS AND DISCUSSION
Rapid detection of apoptosis was studied using staurosporine on HeLa (adherent
cells). Two experimental methods were used, incubation of the drug whilst the HeLa
cells were adherent to the flask, in culture medium, and incubation of the drug
143
Ruth Torcal Serrano Chapter V: Early detection o f apoptosis
whilst the cells were in suspension and in DEP medium. Results were compared 
with Annexin V. Annexin V assay detects PS externalisation, however, before that 
event takes place, many internal changes occur which could be detected by DEP. 
These experiments aim to determ ine w hether it is the case.
5.3.1. DEP experiments (detachment after incubation)
These experiments were carried out by incubating HeLa cells (adherent cells) with  
the apoptotic agent, staurosporine. The cell populations were incubated with  
staurosporine for 15 min, 30 min, 2 h and 4 h. Then the treatm ent was term inated  
and the cells were harvested and prepared for DEP experiments. The healthy 
control sample of HeLa cells was characterized, as seen in Figure 52 in section
4.3.2.1. Changes in the DEP spectra were detected after just 15 min incubation with  
staurosporine, as seen in Figure 63.
HeLa 15min 1|iM Staurosporine
1.6 model
1.4
B
0.6
f o .
6
0.2
- 0.2
10®
Sub-Population 3 - 50"!^ : o =&oJs/m; e =60; 
r=13.18nm;d=8nm;G^p^^=1875.0QS/m^; C =6.64 mF/m ;^
Sub-Population 4 - 50%: a =0.09S/m; e =60; 
r= 1 .OO^ m; d= 8nm; G^ p^ =^11250.00 S/m^; (^^^^=11.07 mP/tn ;^
R va!ue=0.9917; RMS Error=0.0014
Figure 63 DEP spectrum of HeLa cells Incubated for 15 min with 1 pM staurosporine
(average of 15 experiments; error bars Indicate the standard error between experiments).
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It was found that the drug vehicle control, sterile filtered DMSO, did not affect the  
dielectric properties of HeLa cells. Thus, the changes in the dielectric properties of 
the cells after incubation with staurosporine were due to  the influence of 
staurosporine alone.
The deviations between experiments for each frequency are larger than those of 
the healthy control samples. They are especially high for the lower frequencies, 
indicating a variation in membrane properties such as surface area, relative 
perm ittivity and conductivity. Upon careful observation under the microscope of 
the staurosporine-incubated sample, it was clear that the cells did not take the  
round shape typical of adherent cells in suspension and that there was a presence 
of cell debris or apoptotic bodies. The comparison of the morphology o f HeLa cells 
adhering to  the flask, in suspension, and in suspension after incubation w ith  
staurosporine can be seen in Figure 64.
W hen cells adhere to the culture flasks they have a flat, spread-out appearance and 
once harvested by trypsin or accutase, they take a round shape. Furcht and 
Wendelschafer-Crabb (1978) observed 3T3 mouse fibroblasts (adherent cells) 
through Scanning Electron Microscopy (SEM) during treatm ent with trypsin for 
harvesting. The untreated cells show a flat, spread-out appearance and after trypsin 
addition, start to show many uniformly distributed blebs. Later on, the blebs reduce 
in number and increase in size before the cells w ithdraw  from the substrate and 
fine fibres radiate from the prior substrate attachm ent site. Finally, before
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detachment, the cells become round. Figure 65 shows 3T3 cells before (left) and 
after (right) treatm ent with trypsin.
HeLa cells
adhering to the culture flask
250um
In suspension (healthy control) In suspension after Incubation
with staurosporine
Figure 64 Comparison between healthy HeLa cells in cell culture adhering to the flask 
(top), healthy HeLa cells in suspension (bottom left) and HeLa cells in suspension after 
incubation with staurosporine.
w
Figure 65 3T3 cells. A) Before detachment B) Just before withdrawing from the surface 
after treatment with Trypsin. Adapted from (Furcht and Wendelschafer-Crabb, 1978).
Prior to the DEP experiments, the cells were observed with a microscope. The
healthy control samples had a rounded shape when observed under the microscope
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and the membrane capacitance extracted from  the single shell model was 38.74  
mF/m^. This value is explained by the typical blebbing adherent cells posses when in 
suspension. Furthermore, when the HeLa cells have been incubated with  
staurosporine they retain the spread-out and smooth appearance they have whilst 
in culture and this is reflected in the membrane capacitance value of 6.64 mF/m^. 
The changes in m embrane capacitance that are evident after just 15 minutes 
incubation with staurosporine are due to the membrane surface being smooth and 
flat. This could be a result of the interaction of the kinase inhibitor staurosporine on 
the cell rounding mechanism. This effect was observed for both accutase and 
trypsin detachm ent solutions.
As some of the cells took a shape closer to an ellipsoid, a multishape model was 
trialled. The multishape model consisted of a sub-population of spheroid cells and a 
sub-population of prolate ellipsoids (Hughes, 2003). The multishape model was 
tested against the data but the^Pearson Correlation Coefficient was below 0.8, so 
the cells were fitted with a spheroid model.
The DEP spectrum obtained after 15 min incubation with staurosporine is made up 
of tw o sub-populations, sub-populations 3 and 4, as seen in Table 19. Sub­
population 4 is similar to the debris sub-population of the healthy control sample 
(sub-population 2). Sub-population 3 has similar electrical properties as the debris 
(sub-population 2); however, the average radius is ~8.38 pm. The DEP model 
plotted against the data from the 15 min incubation with staurosporine suggests 
that the sub-population with radius ~8.38 pm amounted to 50% of the sample.
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All the staurosporine treated samples showed the presence of tw o sub-populations 
that had the same properties and these properties are summarised in Table 19.
Table 19 Sub-population characteristics for the healthy sub-population (sub-populations 1 
& 2) and the affected sub-populations (sub-populations 3 & 4)
Present In healthy control Present In staurosporine samples
Sub-population Sub-population Sub-population Sub-population
1 2 3 4
(cell) (debris) (cell) (debris)
acyt(S/m) 0.39 (0.33-0.48) 0.04 (0.03-0.07) 0.09 0.08-0.09
Ecyt 60 (40-60) 40 60 40-60
Radius (pm) 8.24 (7.3-9.86) 0.8 (0.8-1) 8.38-13.17 1-1.1
Gspec(S/m )^ 12.50 1250 (500-1375) 1875 3125-11250
Cspec(mF/m^) 38.74 (29.88- 
43.16)
7.75 6.64 11.07
The ranges in the brackets in the healthy control columns represent the lowest and 
highest values found for each param eter when fitting the model to  individual 
experiments, outside the brackets are the values found when fitting to  the average 
of all experiments. The ranges in the staurosporine samples columns represent the  
lowest and highest values found in the sub-populations' properties in all incubation 
times.
The DEP spectra a fter 30 min, 2 h and 4 h incubation with 1 pM  staurosporine can 
be seen in Figure 66, Figure 67 and Figure 68, respectively. DEP experiments were  
also carried out a t 24 h but as the cells had lost their shape and the sample was 
mostly debris, th e  DEP spectra were very noisy and are not shown.
148
Ruth Torcal Serrano Chapter V: Early detection o f apoptosis
HeLa 30min 1 \M  Staurosporine
model
D) 0.5
10® 10®
Sub-Population 3 - 34°^: o =(f.O^S/m; s =60; 
r= 8.38pm; d= 8nm; 875.00 S/m ;^ a  ^^=6.64 mF/m ;^
Sub-Population 4 - 66%: a =0.09S/m; s =60; 
r= 1.00pm; d= 8nm; 0^^^^=11250.00 S/m ;^ Cgp^^=11.07 mF/m ;^ 
R value=0.9912; RMS Error=0.0002
Figure 66 Model fitted to data of HeLa cells incubated for 30 min with 1 pM staurosporine 
(average of 15 experiments; error bars show the standard error between experiments).
HeLa 2h 1 pM Staurosporine
model
1.5
.5)
0.5
-0.5
10® 10®
Frequency fH^
Sub-Population 3 - 35%: a =0.09S/m; e =60;
r= 8.55pm; d= 8nm; G =1 §75.00 S/m ;^ (^pgg=6.64 mF/m ;^
Sub-Population 4 - 65%: a =0.08S/m; e =60;
r= 1.10pm; d= 8nm; G^ „^  =6250.00 S/m ;^ C =11.07 mF/m^
spec ' spec
R value=0.9970; RMS Error=0.0006
Figure 67 Model fitted to data of HeLa cells incubated for 2 h with 1 pM staurosporine
(average of 10 experiments; error bars show the standard error between experiments).
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HeLa 4h 1 jxM Staurosporine
model
1.5
£  0.5
-0.5
10* 10® 10®
Frequency (Hz)
Sub-Population 4 -100%: o^=0.08S/m; s =40;
r= 1.00pm; d= 8nm; G^p^^=3125.00 S/m^; C^p^^=11.07 mP/m^;
R value=0.9923; RMS Error=0.0003
Figure 68 Model fitted to data of HeLa cells incubated for 4 h with 1 pM staurosporine 
(average of 15 experiments; error bars show the standard error between experiments).
Sub-population 3, with an average cell radius of 8.38 - 13.17pm , amounted to 34%, 
35% and 0%, for the 30 min, 2 h and 4 h tim e points, respectively. However, under 
the microscope the 4 h sample is not only made up of cell debris (sub-population 3), 
but cells with a radius of around 8.38 - 13.17 pm. This result implied that smaller 
particles appear darker than cell sized particles and so amount to  more change in 
light intensity in the DEP spectra. This result was further confirmed by measuring 
the change in light intensity (difference in pixel shading) using Image J. A small piece 
of debris appeared darker than a normal sized cell. Further work needs to  be carried 
out in order to find out what weight is given to debris and to  normal cells.
A fter 2 h and 4 h incubation with staurosporine the cells in DEP medium took many
shapes as seen in Figure 69. Incubation with staurosporine before detachm ent of
the cells caused the cells to lose their ability to  become round whilst in suspension.
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Further experiments were carried out by incubating with staurosporine after cell 
detachment. This was done to determ ine if the properties are different, due to the 
change in shape, and to determ ine if the change can be detected just as quickly. The 
results of these experiments are described in section 5.3.2.
i
Figure 69 HeLa cells, after 2 h (LEFT) and 4 h (RIGHT) incubation with 1 pM staurosporine, 
in DEP medium under the microscope. The square sides are 250 pm in length. The cells 
take many shapes and debris can be seen in the sample.
5.3.2. DEP experiments (incubation after detachment)
The experiments that were described in the previous section were carried out by 
incubating the cells with staurosporine and detaching the cells to term inate the  
drug treatm ent. W hen the cells were brought into suspension they did not take a 
round shape. An ellipsoid model was tried and it did not fit the data. The DEP 
spectra took a shape that was best fitted with a spheroid tw o sub-population 
model, one of the sub-populations having a radius of around 1 pm. In order to 
determine whether the properties of the cells would be different if they were  
incubated after detachment, another set of experiments was carried out which
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involved incubating the cells w ith the drug after they were brought into suspension 
and while they were in the DEP medium. To prevent the cells from adhering, the  
cells were pipetted up and down every hour and no tim e points beyond 4 h were  
investigated.
Firstly, healthy HeLa cells were brought into suspension and their DEP spectra were  
obtained, as can be seen in Figure 70. A fter characterisation of the cells, the sample 
was split into 2 Eppendorf tubes. Staurosporine was added to the tubes for 30 min 
and 2 h incubation. Their DEP spectra were obtained as seen in Figure 71 and Figure 
72.
HeLa Healthy Control
1.2
model
^  0.8
0.6
0.4D)
0.2
O)
- 0.2
-0.4
- 0.6
10® 10®
Frequency (H^
Sub-Population 1 - 85%: cr .=0.38S/m; s =60;cyt o  cyt -
r= 7.68pm; d= 8nm; G_^=12.50 Si m,  ^^=38.74 mF/m ;
Sub-Population 2 -15%: cr =0.05S/m; 8^=40; 
r= 1.00pm; d= 8nm; G^p^^=4375.00 S/m^; 0^p^=7.75 mF/m^;
R value=0.9888; RMS Error=0.0014
Figure 70 Single shell mode! fitted to the experimental data of HeLa cells. It shows the 
average of 14 experiments, with the error bars indicating the standard deviations.
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HeLa 30min 1 jxM Staurosporine (in suspension)
1.4
model
1.2
w'
I 0.8
0.6£
.03=  0.4 
o) 0.2
I  0
0.2
-0.4
- 0.6
10® 10®
Sub-Population 1 - 7o12:^ CT^ =0^ §^S/m: 
= 8.11pm; d= 8nm; (
Sub-Population 2 - :
r G^^^^=1^50 S/m ;^ Cg'g^=35.42 mF/m ;^
=0.05S/m; =40;
r= 1.40pm; d= 8nm; G^p^^=6250.00 S/m ;^ C^ p^ =^7.75 mP/m ;^ 
R vaiue=0.9951; RMS Error=0.0054
Figure 71 Model fitted to data of HeLa cells incubated for 30 min with 1 pM staurosporine 
(average of 14 experiments; the error bars show the standard deviation between 
experiments).
HeLa 2h 1 pM Staurosporine (in suspension)
1.5
model
0.5
0)
-0.5
10= 10®
Frequency (Hz)
Sub-Population 1 - 50%: a =0.26S/m; s =60;
-  7.26pm; d= 8nm; G ^=1250 S/m ;^ C^ *^ g^ =35.42 mF/m ;^
Sub-Population 2 - 5u%: a^^=0.05S/m; =40;
1.00 S/m ;^ 6  =7.75 mF/m"r= 1.50pm; d= 8nm; G =spec spec
R vaiue=0.9954; RMS Error=0.0010
Figure 72 Model fitted to data of HeLa cells incubated for 2 h with 1 pM staurosporine
(average of 15 experiments; the error bars show the standard deviation between
experiments).
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Table 20 summarizes the properties of the tw o sub-populations over the 3 
experiments. The healthy control experiment showed that 15% of the sample was 
cell debris, whereas after 30 min incubation with staurosporine the cell debris sub­
population rose to  30%. The cell radius had increased from 7.68 pm to 8.11 pm and 
there was a decrease in cytoplasmic conductivity, from 0.38 mS/m to 0.26 mS/m  
whilst the cytoplasmic relative perm ittivity remained the same. The membrane  
capacitance decreased from  38.74 to  35.42 mF/m^ whilst the membrane  
conductance remained the same.
Table 20 Sub-population characteristics for the suspension experiments.
Sub- population 1 (cell) Sub-population 2 (debris)
HC 30 min 2 h HC 30 min 2 h
Population
%
85 70
(82% of 
HC)
50
(59% of 
HC)
15 30
(200% of 
HC)
50
(333% HC)
Radius
(pm)
7.68±1.27 8.11±1.38 7.2611.17 1 1.4 1.5
®cyt
(S/m)
0.38 0.26 0.26 0.05 0.05 0.05
c^yt 60 60 60 40 40 40
Gspec
(S/m ')
12.5 12.5 12.5 4375 6250 2500
Gspec
(mF/m^)
38.74 35.42 35.42 7.75 7.75 7.75
After 2 hours incubation with staurosporine the cell debris amounted to  50% of the  
sample, the cell sized sub-population continued to have the same cell properties as 
after 30 min incubation, however the cell radius had decreased to  7.26 pm, which is 
lower than found for the healthy control, but within the standard deviations.
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The results from these experiments show that a change can be detected after 30 
min incubation but this change is different to the one observed in section 5.3.1, 
when the drug was incubated before detachment. The cells show an increase in cell 
radius in the 30 min sample, followed by a decrease in the 2 h sample. The 
cytoplasmic conductivity had decreased at 30 min and remained at the same value 
at 2 h. The percentage of sub-population 1 in the sample had changed after 30 min. 
A fter 30 min incubation w ith staurosporine the healthy sub-population (sub­
population 1) had decreased to 82% and after 2 h to 58%.
To confirm that the effect observed after 2 h hours was not due to  the cells being in 
DEP media, new experiments were carried out by obtaining the DEP spectra whilst 
in suspension and then DEP spectra after 2 h o f being in DEP media. The two 
experiments are overlaid on top of each other w ith their corresponding models in 
Figure 73, their properties described in Table 21.
HeLa Healthy Control
 Oh model
X Oh data
 2h model
♦ 2h data
c
s
Ç  0.5
0)O)c
-0.5
Frequency (Hz)
Figure 73 Model fitted to the experimental data of HeLa cells at 0 and 2 h incubation with
staurosporine (average of 14 experiments; error bars show the standard error).
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The healthy control sample at 0 h appeared to have more cell debris than usual. 
Two hours of the healthy control sample being in DEP media only changed the 
sample in the percentage of cell debris which increased from 50 to 60%. This could 
be due to the action of pipetting up and down which was used to ensure cells didn't 
adhere to  each other or the tube. There was also a decrease in cell radius, although 
the decrease fell within the standard deviations of the control at 0 h. The decrease
in cell radius in the model results in an increase in membrane capacitance. In this - :     ' ...............- ■ -     -  -  - • ■     •     .        .......
experiment, there was an unusual am ount of cell debris to  start o ff w ith, but 
overall, the tw o spectra are not very different. This indicates that the DEP medium  
did not affect the whole population in the 2 h sample.
Table 21 Properties of the HeLa sample at time 0 and 2 h after resuspended in DEP media.
Sub-population 1 (cell) Sub-Population 2 (debris)
Oh 2h Oh 2 h
Population % 5 0 5 0 4 0 6 0
Radius (pm) 8 . 0 5 1 1 . 1 6 7 . 6 4 1 1 . 7 3 1 . 5 1 . 5
a c y t ( S / m ) 0 . 2 9 0 . 2 9 0 . 0 5 0 . 0 5
^ c y t 6 0 6 0 4 0 4 0
G = p . c ( S / m " ) 1 2 . 5 1 2 . 5 6 2 5 6 2 5
C , p c c ( m F / m ' | 3 0 . 9 9 3 6 . 5 2 7 . 7 5 7 . 7 5
5.3.3. Trypan blue viability of cell populations (detachment after 
incubation)
The cell viability for these experiments was measured before the DEP experiments,
whilst in DEP medium. For the healthy control sample the cell viability measured
with trypan blue was 98%. The viabilities for the incubation tim e points were:
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•  15 min: 100%
•  30 min: 98%
•  2 h: 92%
•  4 h :8 7 %
5.3.4. Trypan blue viability of cell populations (incubation after 
detachment)
For the DEP experiments carried out after incubating the drug in suspension the  
viability of the healthy control, 30 min and 2 h samples were 92%, 86% and 74%  
respectively.
5.3.5. Flow cytometry experiments
In flow  cytometry, each particle passing through the laser beam of the cytom eter is 
classed as an event. Light scattering and fluorescence emission provides 
information about the particle's properties.
Forward scatter gives information about the cell size and this data can be used to
distinguish between cells and debris. Side scatter provides information about the
granular content within a particle. The light scattering information is graphed in a
dot plot of side scatter vs. forward scatter and is used to  differentiate cells from
debris in the sample. The data analysis can be focussed to  only consider cell sized
particles by drawing a region around that population on the side scatter vs. forward
scatter dot plot, as seen on the left hand side of Figure 74. The HeLa cells' dot plot
shows a small population with a low granularity which was left out of the gate and
the events registered inside the gate were scattered in their granularity and size.
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The smaller particles outside of the gate are cell debris as a result of the 
detachment process. Fluorescence measurements at different wavelengths provide 
information about whether the cell is positive or negative for Propidium Iodide (PI) 
or Annexin V-FITC.
HeLa-HC
o
COCO :
HeLa-HC
5
UJm
V i I'j 111111 I i r p  I 11 11
50 100 150 200 250
FSC-H (K 1.000)
%
-202 0 10^  10 10 10 
FITC-A
Figure 74 On the left is the side scatter vs. forward scatter dot plot for HeLa cells with P I 
gate being analysed. On the right. The PI vs. FITC dot plot.
Viable cells have phosphatidylserine (PS) located on the inner membrane. W hen the  
cell goes into apoptosis the PS is exposed on the cell surface. W hen the cell is at a 
late stage of apoptosis the cell membrane loses its integrity. Annexin V assay 
consists of adding PI and Annexin V-FITC to the cells. The Annexin V-FITC adheres to  
the PS. PI leaks into the cell if the membrane is damaged. If a cell is viable, Annexin 
V-FITC will not bind to PS because it w on't be exposed on the cell surface and it will 
not stain with PI as the membrane will be intact. If the cell is going through early 
apoptosis, it will be labelled with Annexin V-FITC but not stained with PI as the 
membrane at this stage remains intact. Once the cell is going through late 
apoptosis, the membrane loses its integrity and will also stain with PI. This 
information is represented in a double axis log dot plot of PI vs. FITC as seen on the
right hand side of Figure 74. Each quarter represents a different stage of apoptosis.
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Q3-1 encloses the healthy population, Q4-1 the early apoptotic population, Q2-1 
the late apoptotic population and Q l-1  the necrotic population. Electronic 
compensation was carried out in order to avoid bleed through of fluorescence.
In all experiments 10,000 events were measured. Of those events some fell outside 
the gating. The ones that fell in the gating are further described in Table 22. As can
be seen in Table 22, only 77.4% of the healthy control sample events were in the
" - - - - -  -  - -  - — . - -  - —        ......................
Table 22 HeLa healthy control flow cytometry data summary.
Population #Events %Parent
FITC-A
Mean
PE-A
Mean
I  All Events 10,000 W W 5,633 2,739
□  p i 7,739 77.4 6,280 3,013
S q i - i 124 1.6 5,820 32,558
IE1Q2-1 344 4.4 84,738 51,814
IE1Q3-1 7,066 91.3 1,245 170
lEl Q4-1 205 2.6 48,420 1,235
Figure 75 shows a summary of flow  cytometry results for the healthy population 
and all the incubation tim e points. All the experiments registered 10,000 events 
except the 24 h sample which only registered 980 events. This could be due to cells 
disintegrating and being lost in centrifuging steps.
The healthy control shows a small percentage of early apoptotic cells, this could be 
because apoptosis can also be induced by cell stress. It also contains a small 
percentage of late apoptotic cells which could be due to cell membranes rupturing  
during the detachm ent process and Annexin V-FITC having access to the inside of 
the cell and binding on the inside also reported by van Engeland et al. (1996).
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HC (7,739 gated events)
Late apoptotic 4 % - s .  Necrotic 2%
Early apoptotic 3%-
0.5h (7,533 gated events)
Late apoptotic 5%
Early apop<’o<-'c ''''^
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Figure 75 Summary of flow cytometry results for 1 nM staurosporine-induced HeLa cells 
incubated for different periods of time.
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van Engeland et al. (1996) studied the damage of adherent cells caused by different 
detachment methods. They looked at exponentially growing cells. They prepared 
cells for the Annexin V- assay before detachment, then after detaching, they split 
the samples in tw o and re-added Annexin V assay to the cells. This separation gives 
an indication of the extent of the damage caused after detachment. They found 
that all methods showed a percentage of Annexin v V p I' cells. They also found that 
harvesting with trypsin and EDTA after addition of Annexin-V caused a reduction in 
Annexin-V because the trypsin removes bound Annexin from the surface by 
proteolysis and EDTA removes Annexin V by chelating Ca^  ^ions.
A fter 30 min incubation with 1 pM  staurosporine the healthy population decreased 
by 4% and the early apoptotic population increased by the same am ount. The 
healthy population decreased as incubation tim e was longer, but the steepest 
decrease happened up to 6 h as seen in Figure 76, after that the population reached 
steady state. The late apoptotic population increased steadily as incubation tim e  
got longer. The early apoptotic population rose to  its peak around 6 h incubation 
tim e and then decreased.
The healthy control gated population was 77.4% of the events registered. The 0.5 h, 
2 h, 4 h, 6 h, 12 h and 24 h gated populations were 75.3%, 59.8%, 42.5%, 37%, 
24.6% and 5.4% of the events registered, respectively. These results indicate that 
the presence of cell debris increases steadily from 30 min of incubation w ith 1 pM  
staurosporine.
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Figure 76 summarizes the results obtained up to 12 h. The chart highlights the 
decrease in the number cells falling inside the analysis gate as tim e goes by. The 24 
h tim e point was left out in the figure due to the sample only giving 980 events of 
which only 53 fell inside the gate. The lack of overall events being registered in the  
24 h sample could be due to the cells being at very late stages of apoptosis and so 
the cells breaking into small apoptotic bodies, which can be lost in the preparation  
stages.
■  Healthy ■  Early apoptotic ■  Late apoptotic ■  Necrotic
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Figure 76 HeLa cells' population experiencing staurosporine-induced apoptosis at 
different incubation times.
5.3.6. MTT viability
The viability of HeLa cells after each incubation tim e point was calculated by
comparing their concentration against the healthy control concentration. Table 23
shows the results obtained with MTT. MTT on adherent cells is carried out while
they are still attached to the microplate and, since no detachment is needed, the
cells are not harmed by the harvesting process. MTT over estimates the viability of
the cells because during the early stages of apoptosis the cell is still able to
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metabolize the tétrazolium salt. Although MTT is not able to provide information 
about the stages of apoptosis, it gives additional information about the viability of 
the cells w ithout the harvesting damage.
Table 23 Average staurosporine growth Inhibition on HeLa cells (N=3)
Incubation time 1 pM staurosporine growth inhibition
15 min 0.11910.054
30 min -2.58010.112
2h -2.97210.038
4 h 49.76810.050
48 h 90.80810.033
The MTT experiments showed that the cells were viable from 15 min to  2 h. For the  
shorter incubation times the growth inhibition result is negative, indicating that 
those cells proliferated more than the healthy control or that the healthy control 
sample lost some cells in the preparation stages due to pipetting. A fter 4 h M TT  
shows that half of the population is still alive and at 48 h 10% remains alive.
5.3.7. Comparison between methods
DEP experiments highlighted the presence of debris in the samples. Flow cytom etry
experiments also indicated that there is a lot of debris contained in the samples,
including the healthy control sample. The healthy control sample in flow  cytom etry
showed that around 22.6% of the events registered were debris. This result is also
observed in the healthy control sample of DEP spectra, which has a sub-population
of around 1 pm amounting to  25% of the overall population. Flow cytom etry
experiments after 30 min incubation with staurosporine show that 24.7% of the
events registered were cell debris whereas DEP results indicate that 66% of the cell
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suspension is cell debris. W hen the cells are incubated in suspension, the cell debris 
sub-population is 30% which is closer to that found with flow cytometry.
The cell sub-populations of the DEP experiments are very different when incubated 
in adhesion versus suspension, as seen in Table 24. These properties once again 
indicate that the capacitance of the cells whilst in suspension is a result of the cell 
rounding process which causes the cell surface to  have a lot of blebs and microvilli.
Table 24 Differences in properties between HeLa cells that have been incubated for 30 
min with 1 pM staurosporine before harvesting and incubated with staurosporine after 
harvesting, whilst in DEP media.
Incubated before detachment Incubated after detachment
Pop 1 - 34% Pop 2 - 66% Pop 1 - 70% Pop 2 - 30%
Radius
(pm)
8.38 1 8.11 1.4
Cytoplasm 
conductivity (S/m)
0.09 0.09 0.26 0.05
Cytoplasm 
relative permittivity
60 60 60 60
Gspec (S/m^) 1875 11250 12.5 6250
Cspec (mF/m^) 6.64 11.07 35.42 7.75
Pearson Correlation 
Coefficient
0.9912 0.9951
The difference in cytoplasmic conductivity in rounded cells and spread cells could 
be due to spread cells being less able to conduct whilst in that shape. W ang et al. 
(2002) report an increase in membrane conductance and decrease in cytoplasmic 
conductivity after induction of HL-60 cells with the apoptotic agent genistein. This is 
said to be due to ions leaking out of the membrane in apoptosis as a result of looser 
packing of the phospholipids in the membrane, which results in less ions in the  
cytoplasm.
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M em brane permeabilisation is a late stage in apoptosis which gives very high 
m embrane conductance values. The values of the m embrane conductance in spread 
cells after 15 min are very high and the values of the conductivity of the cytoplasm 
very low. This indicates late apoptosis. However, this observation does not occur for 
the cells incubated in suspension. The comparison between spread and round cells 
would suggest that the spread cells experience such changes due to the cell being 
unable to  round up and not because of apoptosis.
The trypan blue experiments were carried out just before the DEP experiments in 
order to  determ ine cell viability of the samples. The results, when compared with  
the flow  cytometry populations that are not stained with PI correlate well, as seen 
in Table 25. These results indicate that the DEP samples were in accordance with  
flow  cytometry in terms of cells with intact membranes.
Table 25 Comparison between trypan blue viability and flow cytometry populations with 
intact membrane.
Trypan blue Flow cytometry (not stained with PI)
HC 100% 91%
30 min 98% 94%
2h 92% 92%
4 h 87% 90%
When incubated in suspension, DEP could detect a decrease in the healthy sub­
population after 30 min incubation, and that sub-population had lower cytoplasm  
conductivity. The sub-population had decreased to 80% (from 85% to 70%) and 
cytoplasm conductivity from 0.38 to  0.26 S/m. Flow cytometry, for the 30 min 
sample, shows that the healthy sub-population has decreased to 95% (from  91 to
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87%). DEP could be a quick indicator of early apoptotic events which happen before 
the externalisation of PS.
5.4. CONCLUSION
Using the DEP well instrument to  measure the effect of staurosporine on adherent 
cells showed that there were interferences between the staurosporine mechanism 
and the cell detachm ent process. Recommendations for testing kinase inhibitors on 
HeLa cells are that the incubation be done in suspension, jhcubation in suspension 
has to be short otherwise the cells will adhere to  the substrate or to  each other.
DEP shows changes in the HeLa cells' spectra after 30 min incubation in suspension 
with staurosporine. These changes precede the externalisation of PS, as observed 
with flow cytometry. Flow cytometry, although difficult to set up for the HeLa cells 
due to  their range in sizes and their autofluorescence, gave results that were easier 
to  interpret than those of DEP and the cell debris could be excluded from  the  
analyses. However, DEP could be used to characterize the sample and then separate 
the cell sub-populations at a frequency in which one sub-population experiences 
positive and the other sub-population experiences negative DEP. That way, the cell 
sized sub-population could be analysed in more detail and the DEP spectra could 
show more sensitive changes in the cell properties.
The concentration of staurosporine used in the early apoptosis experiments was
high (it showed 90% growth inhibition in MTT experiments after 48 h) and so
changes were noticed with short incubation times. For the cytotoxicity experiments,
concentrations around the IC50 values found in the literature were used (Sadeghi-
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Aliabadi et al., 2010, Kusharyanti et al., 2011, Zhang et al., 2006, M anohar et al., 
2013) and so the changes are not as obvious for the short incubation times.
DEP results for suspension and adherent cell mixtures showed that although the 
ratios were determined very well for suspension cells, adherent cell mixtures did 
not work well. This might be due to  the very different shapes adherent cells take 
and due to  the effect of the detachm ent process. This might be a lim itation o f the  
DEP well instrument.
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CHAPTER VI 
CONCLUSION AND FUTURE WORK
6.1. CONCLUSION
The electrical properties of cells can be obtained by measuring the DEP force. A light 
absorption method can be used to determ ine the DEP force and extract the  
dielectric properties of cell sub-populations. Previously, light intensity changes in a 
3D well electrode have been measured with a microscope and a single channel 
signal generator. This work has enabled quick measurement of cell sub-populations 
by implementing a digital camera, lens and light source alongside a 20 channel 
signal generator in one machine, the DEP well instrument, to measure light intensity 
changes for 20 wells simultaneously.
This work studied the use of different cameras, lights and lenses in order to  allow  
the use of 20 wells simultaneously and improve the quality of the images captured. 
Prior to this work, dielectrophoresis experiments were carried out using light 
absorption techniques on a microscope. This method only allowed visualisation of a 
single well and produced poor quality images which were not consistent as the  
focus of the image varies between operators. By being able to  use 20 wells 
simultaneously the acquisition of a full DEP spectrum can be obtained in seconds as 
opposed to hours, with the aid of a 20 channel signal generator, and the  
parallélisation of experiments is possible. Having a fixed mount for the camera, lens 
and light source ensures that there is no variability in the images and also reduces 
experiment set-up time.
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This work has improved the quality of images captured for DEP analysis by using a 
collimated light which has parallel rays so anything that reflects or refracts the light 
will produce darker areas on the image which can be detected easily and enhances 
the m ovem ent of cells under DEP. The use of a bi-telecentric lens, which does not 
have distortion or perspective problems, improved the image quality.
One of the aims of the optimisation of the DEP well system study was to ensure that 
there was reduced variability between the wells and that potential problems that 
could prevent the implementation of a 20 well signal generator, energising each 
well w ith a different frequency, would be identified. The analysis results fo r set-up  
11 (Chameleon digital camera; bi-telecentric lens; LTG5AP LED collimated light 
source; upright), overall showed reduced errors. Four wells were energized at the  
same tim e using a single channel signal generator and the variability in the change 
in light intensity of the yeast cell sub-population in those wells was evaluated and 
compared for each experim ent with each set-up. Set-up 11 showed the wells 
behaved very similarly and consistently.
W ith the new increased field of view, 20 wells can be analysed, which means 20 
wells must be filled at once. An investigation into different ways that could make 
the filling of the chip easier was carried out by trying the use of surfactants and 
different base materials. It was found that glass cannot be replaced w ith plastic as 
plastic produced high surface tensions. The use of surfactants did not improve the  
filling of the wells and so their use is not necessary.
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A study of which well electrode size should be used for different sized wells was 
also carried out. Recommendations for well electrode size is that smaller cells be 
analysed in smaller sized electrodes, however, there is a limit; smaller sizes are 
more difficult to fill and are more likely to  trap air bubbles. Bigger cells should be 
analysed in bigger electrodes sizes. The suggested electrode diam eter for analysis of 
a cell around 3 pm radius is 0.8 mm, for a cell of around 8 pm radius, the electrode 
diam eter recommended is 1.2 -1 .4  mm.
This optimisation of the DEP well system for the implementation of a 20 channel 
signal generator allowed the acquisition of a full DEP spectrum within seconds. 
W ork was then carried out to investigate the applications of the new system. 
Experiments for the early detection o f apoptosis and for the cytotoxicity 
experiments revealed some interesting results.
The DEP well instrument was used to measure the effect of a well known 
chemotherapeutic agent staurosporine, a kinase inhibitor, on HeLa cells. HeLa cells 
are adherent and so, when they are being incubated with the drug, they are 
adhering to the flask. Detachment of the cells for DEP analysis was carried out with  
accutase and the cells, instead of rounding up upon harvesting, remained in their 
spread position. W hen cells are in the spread position they have less ruffles and 
folds than when they have rounded up. This resulted in differences in the DEP 
spectra being detected after only 15 minutes incubation with the drug, particularly 
in the membrane capacitance values. These results highlight that there are 
interferences between the staurosporine mechanism and the cell rounding process,
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therefore, recommendations for use of the DEP well instrument when analysing the  
effect of kinase inhibitors on adherent cells is that it be done after the cells have 
been harvested. Incubation in suspension cannot be for long periods of tim e as the  
cells will adhere to the substrate or to  each other. This will vary between cell lines.
Experiments were then carried out by incubating the cells with staurosporine after 
they were detached from the culture flask. DEP showed changes in the spectra after 
30 min incubation with the drug in suspension. These changes precede the  
externalisation of PS, as observed with flow  cytometry. Although flow  cytometry 
gave results that were easier to interpret than those of DEP and the cell debris 
could be excluded from the analyses, it is difficult to  set-up the experim ent with the  
range of cell sizes and the auto fluorescence of the HeLa cells. Although not 
attem pted in this work, DEP could be used to  characterize the spectra and then  
separate the cell sub-populations at a frequency in which one sub-population 
experiences positive and the other sub-population experiences negative DEP. That 
way, the cell sized sub-population could be analysed in more detail and the DEP 
spectra could show more sensitive changes in the cell properties.
The concentration used for staurosporine experiments was high (it showed 90%  
growth inhibition in MTT experiments after 48 h) and so changes were noticed w ith  
short incubation times. For the cytotoxicity experiments, concentrations around the  
IC50 values found in the literature were used and so the changes are not as obvious 
fo r the short incubation times.
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Cytotoxicity experiments showed that the DEP well instrument was able to  detect 
the ratio of healthy sub-population in the samples of increasing concentrations 
which was used to calculate the IC 5 0  of doxorubicin. The IC 5 0  value of doxorubicin on 
Jurkat cells, calculated from the DEP experiments, fell within the ranges found in 
the literature and were close to  the values obtained using MTT. The IC 5 0  value of 
doxorubicin on HeLa cells, calculated from  the DEP experiments, fell within the  
ranges found in the literature but were not as close to those obtained using MTT.
In the cytotoxic experiments carried out using DEP, multiple sub-populations were  
detected. These sub-populations included a sub-population of cells that matched  
the properties of the untreated cells and sub-populations with different properties. 
Because DEP can detect sub-populations with properties that differ from  the  
healthy population, it is possible to use shorter incubation times to  obtain results 
used in the calculation of the IC 5 0 . In the case of doxorubicin, the sub-populations 
that were being picked up were most likely early and late apoptotic. In early 
apoptosis the cells are still fully functioning, so in a test like M TT (were viability is 
measured by the ability of the cell to metabolize tétrazolium  salt) the early 
apoptotic population would appear to  be healthy. Longer incubation times would  
ensure that the apoptotic population has reached a late apoptotic stage and are no 
longer able to metabolise the salt.
DEP results for suspension and adherent cell mixtures showed that although the  
ratios were determined very well for suspension cells, adherent cell mixtures did 
not work well. This might be due to the very different shapes adherent cells take
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and due to the effect of the detachm ent process. This might be a lim itation of the  
DEP well instrument.
The data from each individual experiment is noisy so before the model can be fitted  
to the data, all the repeats must be averaged. If more than one sub-population is 
present in the data, it becomes increasingly difficult to  reliably determ ine the  
properties of the cells. Automation of model fitting to experimental data would 
greatly speed up data analysis.
6.2. FUTURE WORK
Further work will be required for the total automation of the system. As it stands, 
the dielectric spectra for a cell sub-population can be obtained within seconds but 
the data analysis is tim e consuming. Currently, work is being carried out for the  
automation of the curve fitting of the single shell model to the data.
The 20 wells in the chip are connected by inserting the chip into an enclosure where  
pogo pins make the connection between the chip and the signal generator. The chip 
was not always making good contact with the 20 connectors, and so some wells 
were not being energized. An automated method of detecting which wells are not 
being energized will aid the curve fitting process.
One of the conclusions of this work is that smaller sized cells show strong DEP 
forces in smaller electrodes, however, smaller electrodes are not possible to  fill and 
the formation of air bubbles is more likely. Further work could look into ways of 
filling smaller sized electrodes through a different mechanism.
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Another im portant area that requires further investigation is the image analysis
process. This work replaced the use of the microscope, and in that process the
.....
images changed. The same image analysis is carried out to determ ine light intensity 
changes and perhaps optimisation of the algorithms can result in more accurate 
image analysis.
In the applications chapter, the possibility of smaller particles having different 
optical properties to healthy cells became an issue. Further investigation needs to  
be carried out and perhaps a compensation algorithm can be applied in the plotting 
of the model of multiple sub-populations.
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Appendix A
W hen choosing a camera the tw o main factors are the sensor's performance and 
supporting electronics, and how the image is managed and transm itted.
There are two types of cameras used for vision applications area and line scan 
cameras. Area scan sensors give a 2D image with a typical ratio of 4:3.
There are tw o main types of sensor technology used in cameras, CCD (Charge 
Couple Devices) and CMOS (Complimentary M etal-Oxide Semiconductor), and they  
are typically described in fractions of an inch. Both sensors work by converting light 
from a small portion of the image into electrons, then reading the value o f the  
accumulated charge of each small portion.
There are three types of CCD sensors full fram e, fram e transfer and interline 
transfer:
•  A full fram e CCD has a light sensitive sensor array onto which light falls. To 
readout the sensor, the accumulated charge is shifted through all of the  
pixels directly below on a line by line basis until it reaches the horizontal 
readout register. This is known as progressive scan readout. A disadvantage 
with this technology is charge smearing as a result of light hitting the sensor 
whilst the charge is still being shifted to the readout register.
•  Frame-transfer CCD's however, have a tw o-part sensor: one part is
protected from light by a mask and is used as a storage region so that the
other half that has light falling on it can quickly shift their accumulated
A-1
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charge into it. Because the sensor is always collecting light, fram e transfer 
devices have faster fram e rates, however, there is charge smearing during 
the shift from  the light-sensitive region to the masked region but it is small 
an issue than the full fram e CCD.
•  Interline-transfer (ILT) CCD has transfer channels, or Interline Masks, right 
beside each photodiode so that the charge can be transferred into the  
channel quickly after the image acquisition is complete. This almost 
eliminates image smear but effectively reduces the light sensitive area of the  
sensor.
In a CMOS sensor the conversion from  charge to voltage happens within the pixel 
because each pixel is addressable on a row and column basis. This results in an 
increase in fram e rate and the benefit of user-definable regions of interest. Basic 
CMOS sensors have three transistors (3T) in each pixel however, as it is difficult to  
make several amplifiers that behave uniformly and since each pixel has its own it 
leads to  a greater non-uniformity compared to  CCDs. There are tw o types of CMOS 
sensors: on-chip and off-chip A /D  (analogue to digital) converters. An A /D  converter 
is a device that converts an input analogue voltage or current to  a digital num ber 
proportional to  the magnitude of the voltage or current.
In vision applications there is typically no benefit from using colour cameras, as the  
im portant factor is usually contrast. Some disadvantages of using colour cameras 
are that spatial resolution can decrease and CPU overhead and costs can go up. In
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applications where colour information is needed there are different methods that 
cameras use to obtain it such as filters, prisms or layered coloured sensors.
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